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SUMmRY 
In the majority of practical problems such as dams, retaining 
walls, and embankments, the shearing deformations can be approximated by 
plane strain. Because the results of soil tested in plane strain are 
different from that in triaxial, the strength measurement and stability 
analysis should be based on test data obtained under plane strain condi­
tions. 
With the advant of new technology in hydroelectric power and the 
demand to store or regulate large quantities of water, a need has arisen 
to build water retaining structures such as earth and rockfill dams of 
greater height than the previous ones. The magnitude of the stresses 
within a dam are largely influenced by its height. Some of the existing 
dams exceed a height of 500 feet and the soils within such a dam are sub­
jected to a confining stress of 250 psi or more. 
The available data on high pressure testing of soils are limited to 
the conventional triaxial apparatus and the direct shear apparatus. As 
far as is known, the published data on the behavior of sand under plane 
strain conditions (10,12) are limited to a confining pressure of ^0 psi, 
which is far below the confining pressure which can be expected in large 
dams. The study of plane strain deformation of soil under confining 
pressures greater than previously investigated is important since earth 
and rockfill dams are continuously being constructed with greater height 
as knowledge is gained in their construction and performance. 
The purpose of this research was to investigate the behavior of sand 
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under plane strain conditions with a confining pressure similar to-that 
expected in high dams and with different relative densities. To fulfill 
this objective a special plane strain apparatus was constructed to test 
sand by applying three independent principal stresses. The apparatus was 
designed to allow the specimens to be consolidated under conditions of zero 
lateral strain. Three series of tests were conducted on sand, each series 
corresponding to a certain consolidation pressure. The consolidation 
pressures used were 70 psi, 110 psi, and 285 psi. 
In the first two series the specimens were subjected to either iso­
tropic or K q consolidation. In the third series the specimens were con­
solidated under isotropic conditions only. 
The bulk of the specimens were sheared under drained conditions, but 
a few specimens confined at 70 psi were sheared under consolidated undrained 
conditions. The nominal size of the plane strain specimens was 2" x h" x 16" . 
Three other series of tests with the same range of consolidation pressure 
were conducted in the standard triaxial apparatus on samples with different 
relative densities under the same consolidation stress conditions. The 
value of K q was found to vary linearly with the relative density, becoming 
lower at the higher densities, and was not affected by the magnitude of 
the consolidation pressure or the shape of the specimens tested. The 
modulus of deformation of sand during isotropic compression was found to 
be intermediate between the initial tangent modulus of sand tested under 
conditions of axial symmetry and those tested under plane strain conditions. 
It was also found that both the modulus of deformation during isotropic 
compression varies linearly with the relative density of sand and exponenti­
ally with respect to the octahedral normal stress. 
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The relationships between the modulus of deformation and the con­
fining pressure found in this test program are similar to those found by-
Sowers (28) for different types of sand, in that both suggest that the 
modulus of deformation increases exponentially with respect to the con­
fining pressure. 
During the shear stage of the plane strain test the variation of 
the intermediate principal effective stress with respect to axial strain 
is similar to, but less than the variation of the major principal effective 
G2 °2 
stress. It was also found that the ratios —r and — 7 — > — r at failure were 
CT1 CT1 + a 3 
affected by initial relative density but not significantly by the consoli-
°2 a2 da^ion pressure used. The values o f r and :.-/ > —-r at failure may approxi-
a l a l + CT3 
mate the value of K q and Polsson1s ratio, respectively, ! 
It was found in this test program that the axial failure strain of 
sand tested in the conventional triaxial apparatus is always higher than 
that in plane strain, which is in agreement with previous tests (10,12) on 
other types of sands* It was also found in this investigation that the 
ratio between the axial failure strain in the triaxial tests and that in 
plane strain tests decreases with increasing confining pressure. For both 
types of tests the failure strain decreases with the increase of relative 
density. 
The Mohr-Coulomb angle of internal friction, 0/yfor sand in plane 
strain is higher than that for sand at the same relative density tested 
under triaxial conditions. The difference between the two angles was 
found to be as much as degrees for dense sand and 1 degree for loose 
sand. This finding is in good agreement with the tests carried out at 
Imperial College (10,12) on different types of sand and at a consolidation 
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pressure of ho psi. As reported herein an increase in the consolidation 
pressure produces a decrease in the value of 0' for dense sand, but does 
not significantly affect the value of 4 ^ o r loose sand. It was also found 
that the method of consolidation for both types of tests has no effect on 
the angle of internal friction. 
The volumetric strain at failure for plane strain specimens is 
always lower than that of specimens tested in the triaxial apparatus. This 
suggests that higher pore pressures would be expected for consolidated plane 
strain tests, a fact that was substantiated by the consolidated undrained 
test series. 
When, the experimental data were plotted in principal stress space 
it was found that the failure points for plane strain tests fell in the 




In the latter part of the eighteenth century and the early part of 
the nineteenth century, French military engineers established empirical 
equations for calculating earth pressures to be used in the design of 
earth retaining structures. They also contributed semi-analytical formulas 
based on somewhat arbitrary assumptions. In 1776 the first recorded scienti­
fic approach was introduced to the analysis of soils engineering problems. 
In that year Coulomb developed his analysis of the sliding wedge theory, 
formulating the concept of friction and cohesion in both solid bodies and 
granular material. This concept marked the beginning of a new period. It 
was characterized by the development of several theories pertaining to 
earth pressures and equilibrium of earth masses, known later as the classi­
cal theories of Soil Mechanics. 
Modern soil mechanics started at the beginning of the twentieth 
century, when such early pioneers as Karl Terzaghi introduced a new approach 
in dealing with soil as a unique material. They recognized that the be­
havior of soil under load was influenced by such factors as density, mois­
ture content, previous stress history, etc. 
Although man used soil long before any other engineering material, 
soils did not receive the same attention as other building materials such 
as steel. The lack of understanding of the behavior of soil under applied 
load arises from the complex nature of soil. Soils consist of small mineral 
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grains of different sizes, shapes, and characteristics. The voids-between 
the grains may be filled with either water or gases or both. For the sake 
of simplicity, it is generally assumed that the three components of soil 
(i.e., the solids, liquids, and gases) are uniformly distributed in the 
total mass. 
In order to determine exactly the behavior of soil under given stress 
conditions the physical contributions of each of the components to the re­
sistance of the total stress must be evaluated. However, it is difficult 
to formulate a general mathematical model to predict the exact behavior of 
soil under stress. Thus, as a result empirical methods are generally 
utilized. At the present time most soil engineers use the conventional 
triaxial cell to obtain the needed physical properties relating to stress, 
strain? and failure. In the conventional triaxial test the stresses applied 
to the soil and the resultant strains are characterized by axial symmetry. 
However, the stresses and strains are compatible with only a few real situa­
tions. 
Many practical problems in the field of soil mechanics can be approxi­
mated by plane strain conditions. These conditions may develop with the 
soil existing in either the undisturbed state or in the compacted state 
necessary to the construction. Earth structures such as embankments, dams, 
retaining walls, etc, belong in this latter category. 
Current design methods for plane strain problems commonly utilize 
the value of soil shearing resistance determined from the conventional tri­
axial test. This situation leads to the problem of soils in the laboratory 
being subjected to stress conditions which are quite different from those 
existing in the field. If, because of such conditions, the shearing re-
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sistance of soil as found in the laboratory is lower than that which exists 
in the field, then the design of the structure based on the laboratory1 data 
may lead to unnecessary financial expenditure. In the conventional method 
of stability and bearing capacity analysis, it is ordinarily assumed that 
the Mohr failure envelope is a straight line. This assumption implies that 
the angle of shearing resistance does not vary within the range of the 
applied stresses. Several studies have been made to determine the effect 
of elevated pressure on the shearing resistance of soils at failure. These 
results have indicated (37,38,39) that Mohr failure envelopes are not al­
ways straight lines and that their curvature varies with the applied con­
fining pressure. However, no attempt to date has been made to study the 
effect of pressure greater than ho psi on the failure characteristics of 
soils subjected to plane strain deformation, a case which more closely 
simulates field conditions. The necessity of providing design engineers 
with information in connection with many practical problems such as the de­
sign of earth dams, some of which are planned to exceed a height of 1,000 
feet, brings up the question—what is the behavior of soil under the com­
bined conditions of plane strain and high confining pressure? 
Thus, it is felt that there is a need to improve the current test­
ing procedure by introducing more realistic testing techniques which more 
closely approximate field conditions. The purpose of this investigation 
was to study the influence of high confining pressure on the failure 
characteristics of sand when tested under plane strain conditions. Such 
study may bridge the gap between actual soil behavior and the current de­
sign procedures based on the conventional triaxial tests. 
On the basis of the experience gained in the study of plane strain 
deformation, a new plane strain apparatus was designed and built for the 
purpose of this investigation. Tests were conducted on a sand in this 
apparatus and the results were compared with similar data obtained from 
the conventional triaxial equipment. In this comparison the emphasis was 
on the stress-strain relationships, the effects of the intermediate prin­
cipal stress, the relative density, and the maximum consolidation pressure 
on the strength parameters. 
The failure strengths obtained from both the triaxial compression 
and plane strain tests are compared with existing theories of failure. 
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CHAPTER II 
APPARATUS FOR THE MEASUREMENT OF SOIL STRENGTH 
Soil is a complex material. Its complexity arises from the fact 
that it is a three-phase material and no single natural law governs or 
describes the strength parameters such as the internal friction and cohesion 
which is associated with each phase. However, reliable determination of 
soil strength may be obtained when the soil mass is considered as a single 
phased and homogeneous material. 
At the present state of development in soil mechanics, the strength 
parameters are generally obtained by an experimental approach. In order 
for the data so collected to be an accurate representation of the soil 
strength, the experimental technique must meet two basic requirements; first, 
accuracy and care must be exercised in the sampling and measuring techniques, 
and secondly, the soil specimen should be tested under conditions similar 
to those in the field. Refined methods have been developed in sampling as 
well as in measuring techniques which satisfy the first requirement. In 
order to fulfill the second requirement, various test equipment has been 
developed. Apparatus currently in use for obtaining directly the physical 
properties of soil relating to stresses, strains, and failure maybe placed 
in five groups. These five groups are as follows; the direct shear box, 
the conventional triaxial apparatus, torsional shear apparatus, vane shear 
apparatus, and plane strain apparatus. The various types of testing equip­
ment which fall in the first four groups with their application, advantages, 
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and shortcomings are adequately described by Sowers (l) and will not be 
discussed. 
Plane Strain Apparatus 
As indicated previously, in many earth structures the actual defor­
mation under load is essentially two-dimensional or representative of plane 
strain conditions. Under plane strain conditions, soil elements are sub­
jected to three-dimensional stress and two-dimensional strain conditions, 
where the strains associated with the third dimension are zero. Many appara­
tus have been developed to simulate these phenomena. The first successful 
apparatus in which the three principal stresses and the three principal 
strains could be varied independently was developed in 1936 by Kjellman (2) . 
The apparatus was built to test 62 mm cubical soil specimens. The specimen 
was placed inside a rubber membrane and pressure was applied on each side by 
means of 100 brass rods. Each rod was 6 x 6 x 32 mm with one end resting 
on the membrane while the other end reacted against a steel plate, as shown 
in Figure 1. The amount of stress applied on each surface of the soil speci­
men was calculated from the force applied on the brass rods acting on that 
surface, while the strain was measured by the amount of movement each steel 
plate moved from the original position. 
The apparatus is not widely used,partly because of the difficulties 
involved in preparing the soil specimen, and partly because the strains 
are limited by the small gaps between the brass rods. Large deformation 
in one direction could occur but side friction would then be introduced when 
the rods come together. 
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Figure 1 . Triaxial Apparatus of Kjellman 
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Norwegian Geotechnical Institute by Bjerrum (3) . This apparatus was used 
to test rectangular specimens 30 x 12 x k cm and 60 x 1 2 x k cm. It con­
sists of an upper platen, lower platen, and a rubber membrane. The lower 
platen is provided with a filter for drainage purposes. Each specimen was 
first subjected to an internal vacuum to act as all-round pressure and sub­
sequently was carried to failure by gradually increasing the axial stress. 
No attempt was made to measure or to control the intermediate princi­
pal stress or the intermediate principal strain. It was simply assumed that 
the high ratio of length to width would create conditions similar to those 
of plane strain. This assumption may not be true since the ratio of length 
to width which creates the plane strain condition is not yet known. The 
apparatus is only used to test soil under low confining pressure. 
At the Danish Geotechnical Institute, Christensen (k) conducted a 
series of tests on sand to evaluate the coefficient of earth pressure under 
no lateral deformation. The apparatus used consisted of a wooden box of 
1.0 m x 1.0 m in cross-section, and 0.50 ^ high. The upper half of one side 
was made to rotate around a horizontal axis parallel to the wall and at a 
distance from it, as shown in Figure 2. The moveable wall is divided into 
three parts and only the central part was considered in the measurement simply 
to eliminate the effect of wall friction. Several electric resistance 
strain gage type proving rings were placed in the rotating walls to measure 
the pressure exerted by the sand. The test procedure consisted of filling 
the box with sand and rotating the wall slowly from the box until the sand 
failed. Pressure readings were taken during the progress of the test, the 
highest pressure being at the beginning of the test and the lowest occurring 
at failure. In this apparatus it is assumed that a plane state of deforma-
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tion exists in the sand since deformation in the direction perpendicular 
to the movement of the sand is prevented. However, the stress distribution 
in that direction is not known. The stresses and strains throughout the 
soil mass are not known and are more than likely non-uniform. 
Another plane strain apparatus in which the major and minor principal 
stresses can be varied independently was developed by Whitman (5). The soil 
specimen consisted of a thick-walled cylinder placed between two rubber 
membranes and covered with a sealing cap. The whole assembly was contained 
in a pressure chamber similar to that of the conventional triaxial cell. 
The sealing cap shown in Figure 3 consists of a special arrangement to hold 
the outside and inside membrane in place. It is also connected with a 
central steel rod to prevent axial displacement, thus allowing the sand to 
fail under no deformation in the axial direction. Since the axial stress 
in this type of test represents the intermediate principal stress, the sand 
failed under plane strain conditions. The loading system used in the tests 
consisted of inside pressure which is called bore pressure, and outside 
pressure which is represented by the cell pressure. The bore pressure and 
the surrounding pressure can be varied independently during the test. If 
the bore pressure is different from the surrounding pressure then each ele­
ment in the soil specimen will be acted upon by a radial stress, a tangential 
stress, and an axial stress, which represent the three principal stresses. 
Although the major and minor principal stresses can be varied independently, 
the distribution of stresses throughout the specimen is not uniform. In 
this apparatus the value of the intermediate stress is not known and true 
plane strain conditions cannot be achieved since the axial deformation in 
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Figure 3 . Hollow Cylinder Plane Strain Apparatus 
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specimen was calculated from the measurement of water expelled from the sand 
during the test and by filling the inside pore or the outside chamber, re­
spectively, with water and assuming the space which is filled with water ex­
hibits no strain. This procedure may be correct only if the pressure cham­
ber and the connections exhibit no deformation under pressure. It is most 
probably that the strain distribution throughout the soil mass is not uniform. 
A novel method of determining the strain distribution throughout a 
soil mass deformed under plane strain conditions was developed at the Univer­
sity of Cambridge by Roscoe (6) . The testing apparatus consists of two 
glass plates each 3 feet long, 1 foot high, and 5/8-inch thick. The two 
plates are placed 6 inches apart and held firmly from the bottom and sides 
by a steel frame to form a box container. The sand is placed in layers of 
constant thickness to insure uniform density throughout the specimen. A 
row of lead shot is placed at a regular interval at the top of each layer 
and along its center line. The strain throughout the soil is calculated by 
measuring the displacement of the lead shot which was observed by transmitting 
x-rays through the sample during the test. The method of calculating the 
strains is based on change in geometry of whole grid system formed by the 
lead shot. Several sources of error may effect the results; among them are 
the relative movement between the lead shot and the surrounding sand, and 
errors in measuring lead shot displacement. There are also errors due to 
the scatter of radiation when the x-ray beam strikes the sand grains. This 
scatter lowers the definition of the lead shot image and consequently intro­
duces errors in the displacement measurements. The apparatus was designed 
primarily to investigate the strain distribution during shear and no attempt 
was made to calculate the stress throughout the soil specimen. The method 
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•>f calculating strains is very tedious, thus it is limited to research. 
H. Leussink (7) designed a plane strain apparatus which was essentially 
f in improved version of the one designed by L . Bjerrum (3) . The specimen used 
for testing was 100 cm long, 20 cm wide, and 60 cm high. The confining 
p r e s s u r e was used by applying vacuum to the soil. A steel box filled with 
water was placed on each end of the specimen. The side of each box in con­
tact with the specimen was made of water-tight vulcanized aluminum. The 
boxes were provided with pressure gages to measure the intermediate princi­
pal stress. Two dial gages were placed in contact with the aluminum plates 
to detect any deviation from the plane strain condition during the test. 
Leussink!s apparatus is shown in Figure k. The specimen was brought to 
failure by increasing the axial load and adjusting the pressure in the 
nteel boxes to prevent any lateral movement in the end plates. The friction 
between the end plates and the membrane was reduced by using soft soap. 
The apparatus was designed primarily for testing material consisting of 
uniform spheres (glass, steel) placed in regular geometrical packing. The 
amount of confining pressure that can be applied to the testing material is 
limited to a very small range. No attempt was made to eliminate the end 
restraint due to the friction between the platens and the testing material. 
A large plane strain apparatus was described by Marsal (8) , which 
was used to test compacted rock specimens 0.75 m x 0.75 m in cross-section 
and 1.80 m high. The apparatus consists of a steel base and two parallel 
walls. Each wall is made of ten box girders and connected with the other 
wall by means of twenty hollow bars. The bars are provided with a linear-
variable differential transformer to record the intermediate principal 
stress exerted by the specimen during the progress of the test. The walls 
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Figure k. Plane Strain Apparatus of Leussink 
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-ive covered with several layers of lubricated polyethylene to reduce fric-
Mon between the membrane and the walls. The equipment is depicted in 
i-Mgure 5-
The loading procedure used consists of introducing vacuum to the 
npecimen to provide a positive confining pressure. Then axial load is 
applied until the specimen fails. The intermediate principal stress is 
measured by a linear variable differential transformer but no positive con­
trol of the intermediate principal strain is reported in the test procedure. 
:iince the vacuum is used to provide confining press, the testing program is 
Limited to a low range of confining pressure. The thick layers of lubricated 
polyethylene, rubber membrane, and corrugated cardboard which covers the 
inside walls of the apparatus may deform during the test and, if so, the 
assumption of plane strain condition is no longer valid. 
Another plane strain apparatus was developed at the University of 
California by Duncan and Seed (9) to test prismatic specimens of clay 1 .1 
inches wide by 2.78 inches long and 2.78 inches high. The apparatus consists 
of two lucite plates placed at the ends of the specimen and maintained at a 
fixed distance by diaphragm boxes, as shown in Figure 6. A water filled 
rubber diaphragm is placed between the specimen and the diaphragm boxes to 
apply the lateral pressure to the soil specimen. The specimen was enveloped 
by a rubber membrane before testing. The ends of the membrane were pressed 
between stainless steel from the inside and lucite block on the outside to 
prevent any leakage. 
Although the soil specimens were tested under conditions approximating 
plane strain, the value of the intermediate principal stress was not known. 
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Figure 5. Plane Strain Apparatus of Marsal 
Figure 6. University of California Plane Strain Apparatus 
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p r e s s u r e . It "was designed mainly to study the effect of the orientation 
of principal stresses during shear on the strength of clay. 
At Imperical College, London, another plane strain device was de­
veloped. The apparatus as described by Cornforth (10) consists essentially 
of a rectangular pressure chamber which contains a soil specimen k inches 
high, 2 inches wide, and 16 inches long. The specimen rests on a stiff brass 
platen and is covered with brass and a stiff steel loading cap. The speci­
men is placed between two aluminum plates, one is in contact with the rubber 
membrane which surrounds the soil, while the other forms a base of a hy­
draulic pressure cell with a rubber diaphragm. A thin plate is connected 
to the pressure cell by a locating pin and placed in contact with the end 
of the specimen. The pressure cell is filled with de-aired water and is 
connected by a lead to a null indicator similar to that explained by Bishop 
and Henkel ( 11 ) and placed outside the plane strain device. When the test 
is in progress the intermediate principal stress can be calculated by mea­
suring the water pressure in the pressure cell. The level of mercury in 
the null indicator detects deviation from the plane strain condition. In 
order to maintain the plane strain condition, the level of mercury in the 
null indicator was kept at predetermined heights during the test. This was 
accomplished by adjusting the pressure in the hydraulic pressure cell con­
tinuously until the end of the test. 
Cornforth maintained that the system has been calibrated so that 
appropriate corrections can be made for deformation occurring within the 
equipment itself. However, he failed to report the creep in the rubber mem­
brane which might affect the results. The apparatus cannot be used to test 
soil under high confining pressures. No positive control on the dimensions 
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of the specimen during consolidation stage was used and no attempt has been 
reported to eliminate the end restraint caused by the friction between the 
soil and the platens, 
A subsequent modification which consisted of a lateral strain sensor 
was introduced to the apparatus (12). This apparatus was used to detect 
any departure from the condition of non-lateral deformation. For clay test­
ing a servo-mechanism used to control the K Q consolidation automatically was 
connected electrically to the lateral strain sensor. The clay specimen 
takes considerable time to consolidate, therefore a motor and gear train 
arrangement was added to the system to increase the cell pressure slowly at 
a constant rate. For more details of the additional equipment used in test­
ing clay specimens, the reader is referred to Wade (12). Figure 7 illus­
trates the main components of the plane strain apparatus at Imperical College. 
Another version of the Imperical College apparatus, but on a smaller 
scale, was developed at Kyoto University by Shibata and Karube (13). A modi­
fied triaxial cell was used to test clay under conditions of no longitudinal 
deformation. Each specimen was 6 cm long, 2 cm thick, and 3.5 cm high. 
The arrangement used to apply the intermediate principal stress consists of 
membrane cushions, aluminum plates, and a set of counterbalanced pulleys. 
The specimen was enveloped by a rubber membrane and placed between two mem­
brane cushions. The membrane cushions were filled with water and connected 
to a pressure cell outside the pressure chamber. The membrane cushions 
were surrounded by two aluminum plates which rested on guide rollers, as 
shown in Figure 8. The guide rollers were connected to a pulley and a 
counterbalance. The purpose of the guides and pulleys was to reduce the 
friction on the sides of the specimen during the test. 
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Figure 7. Imperial College Plane Strain Apparatus 
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Figure 8 . Kyoto University Plane Strain Apparatus 
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The apparatus was used to study the effect of the intermediate 
principal stress on the mechanical behavior of clay. No positive control 
of the intermediate principal strain was reported. The size of the speci­
men to be tested in this apparatus is relatively small. The confining 
pressure used in this apparatus is limited to a very small range. 
The previous discussion was a brief review of some of the testing 
devices used to study the shear strength of soil under different systems 
of loading. Some of these devices were used in routine testing while others 
were used as research tools. None of the apparatus could be used to test 
soil by applying three independent principal stresses under a wide range 
of confining pressures with complete strain control. 
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CHAPTER III 
THE NEW PLANE STRAIN APPARATUS 
A special plane strain apparatus was designed at Georgia Institute 
of Technology to test prismatic soil specimens, each having the dimensions 
l6!T x V 1 x 2", under the condition of no longitudinal deformation, i.e., 
plane strain conditions. The apparatus was so designed to allow the speci­
men to consolidate first under the condition of K consolidation until the 
o 
confining pressure reaches a certain value. The ultimate value of the con­
fining pressure is pre-determined prior to the test. At the end of the 
consolidation stage the specimen is sheared. 
The main parts of the testing equipment can be summarized as follows: 
1. Pressure chamber 
The steel chamber serves as a container for the pressure media. It 
Consists of the following parts; 
(i) Cylinder shell - The cylindrical shell is made of steel pipe 
12 inches inside diameter, 2 inches wall thickness, and 30-1/^ inches long, 
capable of standing internal working pressures up to 5000 psi. At the top 
of the shell and midway between the ends a circular hole k inches in dia­
meter has been cut to fit the ram housing. Next to the ram housing hole 
another threaded hole with a special fitting and 0-ring seal is made to 
hold an electrical cable. The cable carries all the wires from the strain 
sensors and 0*̂  load cell inside the shell out to a switch box. Three ports 
provided with quick connect fittings are located at the end of the shell; 
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one port for the lateral confining pressure, the second for pore pressure, 
and the third one for the hydraulic jack. The cylindrical shell is also 
provided with a drainage outlet and filter. For pressures up to 300 psi 
air is used as a chamber fluid, while for higher pressures liquid is used. 
(ii) End cap plates - Two circular end cap plates made of high ten­
sile steel are placed around the ends of the cylindrical shell. Each plate 
is provided with a circular groove to fit a l/U-inch diameter pressure seal 
0-ring. The end cap plates are also provided with twelve holes equally 
spaced around the center for the connecting rods. 
One end cap plate is held attached to the end of the cylindrical 
shell by the connecting rods, while the other end cap can easily be posi­
tioned during assembly by means of a 2-ton chain hoist. 
(iii) Connecting rods - The end cap plates are attached tightly to 
the cylindrical shell by means of high tensile steel rods, 1-l/̂ t- inches in 
diameter and having a yield stress of 90,000 psi. The components of the 
preesure chamber are shown in Figure 9» 
2. Ram housing assembly 
The ram housing assembly consists of the following: 
(i) Stainless steel ram - The axial load is transmitted from the 
loading machine to the specimen by means of a stainless steel rod 2 inches 
in diameter and 18 inches long. The ram is stiff enough to carry an axial 
load of 300,000 pounds, which is the loading capacity of the hydraulic test­
ing machine. The upper end of the ram is seated in a special fitting which 
is connected to either a load cell or proving ring. For axial loads smaller 
than 50,000 pounds, a log cell is used, while for larger loads a strain gage 
instrumented proving ring is used. The lower end of the ram has a hemis-
Figure 9. Plane Strain Pressure Chamber Assembly 
ro 
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pherical shape seated in a matching depression located at the center of 
the loading head, as shown in Figure 10.. The spherical depression ensures 
that the load is applied centrally and also allows freedom of rotation of 
the loading cap during the test. The travel distance of the ram is suffi­
cient to permit axial strains exceeding 25 percent in the tested specimen. 
(ii) Ram housing - The ram is surrounded by a steel housing h inches 
in diameter and ik inches long. The housing is strong enough to give the ram 
sufficient stability against buckling. It is provided with two sets of k 
inches long ball races to assure minimum friction force around the ram. The 
two sets of ball races are separated by a circular brass sleeve 1-inch thick 
provided with a l/8-inch hole connected to a grease fitting. At the top and 
bottom of the housing two circular brass bushings are used to hold pressure 
0-rings and keep the ball races in position. 
Leakage from the cell is prevented by five 0-rings. Two are recessed 
in each brass bushing, the first one is on the inside and in contact with 
the ram, while the second is on the outside and bearing against the housing. 
These 0-rings are tight enough to provide a complete seal with relatively 
small friction force. The fifth rubber 0-ring is placed between t h e cylin­
drical shell and the ram housing base. Figure 1 1 shows the details of t h e 
ram housing assembly. 
3- Loading head 
The loading head serves to transmit the load from the ram to the 
specimen. It is made of stainless steel having yield stress of 90,000 psi 
and machined in a form of a prism, 16" x 2" x 3". Six holes are made in 
the loading cap, one to allow the passage of the volume change lead from 
the specimen, and four holes are symmetrically spaced around the center for 
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Figure 10. The Loading Head with the Tension Connection 
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e 11. Ram Housing and Bushing Assembly 
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the connecting bolts. The sixth hole is in the shape of a T and is made 
oblique to the vertical line and contains the two small pistons. Each 
piston is provided with two pressure seal O-rings and a small screw to 
hold the lateral strain sensor firmly to the specimen,as shown in Figure 10.. 
The loading head is also used to seal the rubber membrane and provide 
a water-tight seal at the top of the specimen. This is accomplished by em­
ploying four connecting bolts to tie together the loading head and the upper 
platen with the rubber membrane between the two. The upper loading cap is 
provided with a tension connection which consists of two L-shaped brackets 
with a circular surface on the inside to fit the ram. The brackets are pro­
vided with l/U-inch holes which are in line with the horizontal hole at the 
end of the ram when the ram and the loading head is brought in contact. 
A lower reaction plate made of cold rolled steel, 5/8-inch thick, 2 
inches wide, and 16-3 /^ inches long serves as a base on which the soil speci­
men rests. 
h. Platens 
Two platens are used, one at the top of the soil specimen, termed 
the upper platen, arid one below the specimen, termed the lower platen. 
The upper platen is made of brass 16 inches long, 2 inches wide and 
3/^--inch thick. On the surface facing the loading head a rectangular groove 
along the edges has been cut to fit a l/U-inch diameter 0-ring. Four 
threaded holes 5/l6-inch in diameter were made to receive the bolts which 
connect the loading head with the upper platen. In order to provide a 
water-tight seal the edges of the rubber membrane are squeezed between the 
upper platen and the loading head. The central portion which is surrounded 
by the 0-ring has been projected upward l/6U-inch to prevent damage to the 
30 
membrane when the specimen is loaded axially. The upper platen and the 
drainage screen holder are attached tightly together. 
The lower platen is made similar to the upper platen except that 
it is made of stainless steel. 
5. Drainage screen holder 
The drainage screen holder is made from stainless steel plate having 
the dimensions l6" x 2" x-l/U,? and fastened tightly to the upper platen by 
four screws. Along the center line a channel 3/l6-inch wide, l/32-inch 
deep, and ik inches long has been cut and is filled with two layers of 
screen wire, No. 100 mesh. After the channel was cut the drainage screen 
holder and the lower platen were polished to minimize friction. A sheet 
of teflon, 16 inches long and 2 inches wide, and l/32-inch thick was cut 
in longitudinal strips 1/1+* inch wide and placed at the top and bottom of the 
soil specimen. 
The teflon sheets were intended to minimize friction between the 
sample and the platens during shear. 
6. Saddle plate 
The saddle plate is made of mild steel plate, 2-1/2 inches wide, 27 
inches long, and 5/8-inch high cut with a wide groove. The lower face is 
radiused to provide better contact with the inside surface of the cylindrical 
shell. The upper face is cut into a rectangular channel 2 inches wide and 
lA-~inch deep. This channel forms a cradle for the lower reaction plate 
and the end plates; it also helps in preventing them from tilting or tipping. 
The saddle plate is positioned in the pressure chamber with two locating 
pins, one at each end. 
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7. Loading equipment 
The prismatic soil specimen is subjected to three independent prin­
cipal stresses; the axial stress a 9 the longitudinal stress o , and the 
lateral stress cr , as shown in Figure 12. 
The lateral stress around the specimen, a^, is applied by air or 
water pressure in the pressure chamber. The axial load is applied by 
raising the platform of the hydraulic testing machine and forcing the soil 
specimen against the ram. An electronic load cell is placed between the 
ram and the stationary loading head and is used to measure the axial load. 
The axial load is registered on a strain indicator. The intermediate prin­
cipal stress is applied to the soil by a hydraulic jack connected to a pump 
which can be operated manually or by a variable speed electronic motor. 
The jack base is fixed to the outer end plate which is 3/^-inch thick and 
bears against a second or moveable end plate in contact with the specimen. 
The intermediate principal stress is determined from the reading of 
an electronic load cell located at the opposite end of the specimen. The 
load cell is positioned between the outer end plate and the sliding end 
plate in contact with the specimen. The sliding plate is made of a rectangu­
lar piece of steel 7/l6-inch thick and provided with four ball bushings at 
the corners. The ball bushings enable the sliding plate to move horizontally 
on the tie bars connecting the two end plates. The side of the sliding 
plate in contact with the specimen is made of polished stainless steel to 
minimize end friction during the test. The intermediate principal stress, 
<Tg, can be applied to the soil specimen by delivering oil under pressure to 
the jack, which, in turn, transmits the pressure to the specimen via the 
moveable end plate. The moveable plate and the sliding plate permits the 
Figure 12. Representation of Principal Stresses Acting on the Soil Specimen 
ro 
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application of the intermediate principal stress as dictated by the longi­
tudinal strain sensor. Figure 13 shows the principal components of the 
plane strain apparatus. 
8. Longitudinal strain sensor 
A notable feature of the plane strain device is the longitudinal 
strain sensor, which indicates departures from the plane strain condition. 
The longitudinal strain sensor consists of two stainless steel strips, 1/2-
inch wide and l/8-inch thick, and each strip bent to form a rectangular 
frame. Along each side of the specimen a frame is placed with one end fixed 
to the moveable plate and the other end fixed to the sliding plate. At the 
top and bottom of each frame a strain gage is placed and the four strain 
gages are connected together to form a temperature compensated electrical 
bridge. Figure 13 shows the general layout of the plane strain apparatus. 
When the test is in progress any deviation from the plane strain condition 
(i.e., any longitudinal deformation) will be indicated by the longitudinal 
strain sensor. It was found that a change of 0.001 inch in the length 
of the soil specimen will correspond to hQ microinches per inch in the 
strain indicator reading. Since the strain indicator can be read to the 
nearest 5 microinches, the minimum deviation from the plane strain condition 
that can be monitored is approximately 0.001 x 5/U8 or 0.0001 inch, which is 
sufficiently small for practical purposes. The shearing stresses in the 
intermediate principal plane created by this condition are assumed to be 
insignificant. Thus, one can conclude that plane strain conditions have 
been maintained during both the consolidation and shear stage. 
9. Lateral strain sensor 
The lateral strain sensor is made of two stainless steel strips, 
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1/2-inch wide and 1/8-inch thick. Each strip is bent to a z-shape with one 
end fixed to the lateral sensor piston. The other end is provided with a 
long adjustable screw. The adjustable screw sits on a small plate which 
is in contact with the soil specimen. Figure ik shows the wiring diagram 
used for both longitudinal strain sensor and lateral strain sensor. 
Prior to the design of the apparatus several tests were performed to 
find the coefficient of friction between the rubber membrane loaded with 
sand and polished metals. The graphical results of the friction tests are 
presented in Appendix II It was found that the minimum5average coefficient 
of friction as determined in the shear box was 0P0k between the stainless 
steel and a rubber membrane covered with a thin film of silicone grease. 
10. Stress and strain measurement 
The soil specimen inside the pressure chamber is subjected to mutually 
perpendicular independent principal stresses. The stresses are; the major 
principal stress intermediate principal stress and minor principal 
stress a 0. The major principal stress is calculated from the reading of 
the electronic load cell which is placed between the ram and the loading 
head. This load cell is accurate to the nearest 10 pounds. The inter­
mediate principal stress is measured by a 5000-pound electronic load cell 
which is accurate to the nearest 5 pounds. The minor principal stress 
which is represented by the cell pressure is measured by Bourdon-type gage 
read to the nearest 1 pound per square inch. 
The electronic load cells and the strain sensors are connected to a 
switch box which in turn are connected to the strain indicator. Load cell 
calibrations relating strain to applied load were made and found to be 
linear. The change in the height of the soil specimen is measured by a 
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Figure lh. Wiring Diagram for Lateral Strain Sensor 
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micrometer dial indicator read to the nearest 0.001 inch. 
11. Volume change device 
The volume change measurement device used in the test program is 
basically similar to the one outlined by Bishop and Henkel (ll). Figure 15 
shows the hydraulic system used in the test program. 
Triaxial Apparatus 
The standard triaxial cell was used in testing all the cylindrical 
specimens reported in this study. Although many objections have been raised 
against the conventional triaxial cell, the shortcomings are minimized in 
the K q consolidation test. This was accomplished by introducing two modifi­
cations to the triaxial cell. The first modification was made by passing 
four electrical leads for the K belt through the base of the cell. The 
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second alteration was to pass a steel wire through a plug in the top cap of 
the triaxial apparatus. This wire was to release the pin which locked the 
K q belt around the specimen during the consolidation stage. The K q belt con­
sists of a band of thin brass foil. The brass foil was welded to a short 
piece of hose clamp containing a thumb screw. The brass foil and the hose 
clamp form a circumferential belt around the specimen. Four BLH post-yeild 
strain gages were placed on the brass foil to form a temperature compensated 
bridge. The K Q belt was connected electrically to a strain indicator unit, 
as shown in Figure l 6 . The axial load applied to the soil specimen was mea­
sured by an electronic load cell accurate to the nearest 2 pounds. The cell 
pressure was measured by a Bourdon-type gage read to the nearest 1 pound per 
square inch. A micrometer dial indicator read to the nearest 0.001 inch 
was used to measure the change in the height of the specimen. It was very 
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difficult to measure the lateral deformation allowed in the specimen, but 
assuming the sensitivity of the strain gages mounted on the K q belt is 
similar to that of the strain sensor of plane strain apparatus, the change 
in diameter of a 2.8 inch specimen was approximately equal to ̂  x 2.8 x 
0.001 =0.0003 inch. 
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CHAPTER IV 
MATERIAL AT© SPECIMEN PREPARATION 
Several factors were considered in deciding the extent of the current 
investigation. Some of these factors were concerned with the material on 
which the research was conducted. Others were related to the testing equip­
ment with which the investigation was carried out. Among the factors which 
decided the range of the current research are the following: 
Rate of strain 
The minimum rate of strain of the loading machine used in testing 
plane strain specimen was about 0.005 inch per minute. This limitation 
made sand a favorable material for testing. 
2. Testing material 
The sand used in the test program was obtained from the Chattahoochee 
River near Atlanta, Georgia and much data has been accumulated on it at the 
Soil Laboratory of Georgia Institute of Technology. It consists of a uni­
form subangular quartz particles with some mica, which is mostly muscovite. 
The physical properties of the sand as determined by A.S.T.M. standards, 
are given in Table.I, and the average gradiation curve before testing and 
after shearing the specimens under confining of 110 psi, is shown in 
Figure 17 . 
Most of the sand used for testing was saturated but a few specimens 
were tested dry. The placing density varied from one test to another, the 
range in relative density being 30 percent to 100 percent. 
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Table 1. Physical Properties of Chattahoochee River Sand 
Specific gravity 2.66 
Maximum void ratio 1.09 
Minimum void ratio 0.593 
Mean grain diameter 0.37 mm 
Coefficient of uniformity 2.00 
Mica content 0.1..$ 
kk 
Figure 17 . Gradation Curves for Chattahoochee Sand 
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3 - Range of maximum confining pressure 
Three ranges of maximum confining pressure were found to be conven­
ient; 70 psi, 100 psi, and 285 psi. 
Preparation of the Specimen 
The weight of a certain amount of sand was determined. The sand was 
then saturated by flooding it with distilled water and allowing it to boil 
for about five minutes to remove entrapped air. The mixture was then 
allowed to cool to room temperature and the sample was prepared for testing. 
Preparation of the Specimen for Plane Strain Test 
First, the rubber membrane was sealed between the lower platen and 
the lower loading cap. An aluminum former consisting of four plates bolted 
together was placed around the rubber membrane to make the soil specimen 
maintain a prismatic shape. The whole assembly was then positioned inside 
the radiused saddle plate. A stripped teflon sheet was placed on the lower 
platen and then distilled water was poured in the membrane and entrapped 
air was allowed to escape. 
As it was difficult to make a uniform specimen of predetermined 
density, emphasis was placed on obtaining a uniform specimen with either a 
dense, medium,or loose packing. Loose specimens were made by allowing the 
sand to flow through the water in the membrane in layers of approximately 
equal thickness to ensure uniformity. Dense specimens were prepared by 
spreading the sand evenly in layers and densifying each layer with a small 
mechanical vibrator. Specimens of medium density were made in the same 
manner as the dense specimens, but each layer was tapped by a l/2-inch dia­
meter aluminum rod. When the sand reached the required height in the former, 
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t h e s u r f a c e o f t h e s a n d w a s l e v e l e d a n d t h e n c o v e r e d b y a n o t h e r s t r i p p e d 
s h e e t o f t e f l o n . T h e p l a t e n w a s t h e n g e n t l y l o w e r e d i n s i d e t h e r u b b e r 
m e m b r a n e t o r e s t o n t h e t e f l o n s h e e t . T h e u p p e r l o a d i n g c a p w a s p l a c e d o n 
t h e p l a t e n a n d t h e e d g e s o f t h e m e m b r a n e w e r e s q u e e z e d b e t w e e n t h e t o p 
l o a d i n g c a p a n d t h e u p p e r p l a t e n t o e n s u r e n o l e a k a g e . A s m a l l n e g a t i v e 
p o r e p r e s s u r e w a s a p p l i e d t o g i v e t h e s a n d s u f f i c i e n t r i g i d i t y t o m a k e t h e 
s p e c i m e n s e l f s u p p o r t i n g . T h e f o r m e r w a s r e m o v e d a n d m e a s u r e m e n t s o f t h e 
s p e c i m e n d i m e n s i o n s w e r e t a k e n . T h e s t a i n l e s s s t e e l p l a t e s i n c o n t a c t w i t h 
t h e e n d s o f t h e s p e c i m e n s w e r e s m e a r e d w i t h a t h i n l a y e r o f s i l i c o n e g r e a s e 
t o r e d u c e e n d f r i c t i o n . T h e m e a s u r i n g a n d C o n t r o l l i n g d e v i c e s f o r t h e i n t e r ­
m e d i a t e p r i n c i p a l s t r e s s , w h i c h i n c l u d e d t h e l o a d c e l l , j a c k , a n d t h e 
l o n g i t u d i n a l s e n s o r w e r e c a r e f u l l y p l a c e d a r o u n d t h e s p e c i m e n . F o r s p e c i ­
m e n s w h i c h w e r e t o b e K c o n s o l i d a t e d , t h e l a t e r a l s t r a i n s e n s o r w a s a l s o 
o 
u s e d . A f t e r a l l t h e c o m p o n e n t s w e r e p l a c e d p r o p e r l y i n p o s i t i o n a r o u n d t h e 
s p e c i m e n , t h e c o m p l e t e a s s e m b l y w a s t r a n s f e r r e d t o t h e p r e s s u r e c h a m b e r . 
T h e l o a d c e l l s a n d s t r a i n s e n s o r s w e r e c o n n e c t e d t o t h e s w i t c h b o x , a n d t h e 
p l a t f o r m o f t h e l o a d i n g m a c h i n e w a s r a i s e d s l o w l y u n t i l t h e r a m c a m e I n c o n ­
t a c t w i t h t h e t o p l o a d i n g c a p . Z e r o r e a d i n g s f o r a l l t h e l o a d c e l l s a n d 
s t r a i n s e n s o r s w e r e r e c o r d e d . T h e e n d c a p o f t h e p r e s s u r e c h a m b e r w a s 
p l a c e d i n p o s i t i o n a n d t h e a i r p r e s s u r e i n s i d e t h e p r e s s u r e c h a m b e r w a s i n ­
c r e a s e d w h i l e t h e n e g a t i v e p o r e p r e s s u r e w a s r e d u c e d b y e q u a l a m o u n t s u n t i l 
t h e p o r e p r e s s u r e w a s a t m o s p h e r i c . F i n a l l y , z e r o r e a d i n g s o f b o t h t h e 
v o l u m e c h a n g e d e v i c e a n d t h e a x i a l d e f o r m a t i o n d i a l g a g e w e r e t a k e n a n d 
t h e s p e c i m e n w a s r e a d y " f o r t e s t i n g . 
hi 
P r e p a r a t i o n o f S p e c i m e n f o r T r i a x i a l T e s t 
A r u b b e r m e m b r a n e 0.025 i n c h t h i c k w a s a t t a c h e d t o t h e b a s e o f t h e 
t r i a x i a l c e l l b y 0 - r i n g s a n d a f o r m e r j a c k e t w a s p l a c e d a r o u n d i t . A v a c u u m 
w a s i n t r o d u c e d t o t h e f o r m e r t o m a k e t h e m e m b r a n e t a k e t h e c y l i n d r i c a l s h a p e 
o f t h e f o r m e r . T h e p r o c e d u r e i n v a r y i n g t h e d e n s i t y o f t h e s a n d w a s s i m i ­
l a r t o t h a t u s e d i n p r e p a r i n g t h e p l a n e s t r a i n s p e c i m e n . W i t h t h e s p e c i m e n 
h e i g h t a t a p p r o x i m a t e l y 6 i n c h e s , t h e t o p l o a d i n g c a p w a s p l a c e d o n t h e s a n d 
a n d t h e m e m b r a n e w a s p l a c e d a r o u n d i t . T w o 0 - r i n g s w e r e s t r e t c h e d a r o u n d 
t h e m e m b r a n e a n d t h e t o p c a p . T h i s w a s s u f f i c i e n t t o p r e v e n t l e a k a g e a s 
w a t e r c o u l d n o t b e d i s c e r n e d t h r o u g h t h e m e m b r a n e . T h e b u r e t t e o f t h e 
v o l u m e c h a n g e d e v i c e w a s l o w e r e d a p p r o x i m a t e l y 18 i n c h e s t o p r o d u c e n e g a t i v e 
p o r e p r e s s u r e i n s i d e t h e s p e c i m e n a n d m a d e t h e s a n d s e l f - s u p p o r t i n g . S p e c i ­
m e n d i m e n s i o n s w e r e t h e n t a k e n . 
F o r t h e t e s t c o n s o l i d a t e d u n d e r n o l a t e r a l d e f o r m a t i o n 9 t h e K belt 
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w a s a t t a c h e d i n t h e f o l l o w i n g m a n n e r : t h e t h u m b s c r e w w a s l o o s e n e d a n d t h e 
p i n w a s p l a c e d i n t h e h i n g e , t h e n t h e t h u m b s c r e w w a s t i g h t e n e d s n u g l y w i t h ­
o u t c a u s i n g a n y l a t e r a l d e f o r m a t i o n i n t h e s p e c i m e n . T h e f o u r w i r e s f r o m 
t h e K b e l t w e r e c o n n e c t e d t o t h e s t r a i n i n d i c a t o r , 
o 
F i n a l l y t h e p r e s s u r e c h a m b e r a n d t o p c a p w e r e a s s e m b l e d a r o u n d t h e 
s p e c i m e n a n d t h e l o a d i n g r a m w a s b r o u g h t i n c o n t a c t w i t h t h e s p e c i m e n . 
P r e p a r a t i o n o f D r y S p e c i m e n 
D r y s p e c i m e n s f o r b o t h t h e p l a n e s t r a i n a n d t r i a x i a l t e s t s w e r e p r e ­
p a r e d i n e x a c t l y t h e s a m e m a n n e r a s t h e s a t u r a t e d s p e c i m e n s w i t h t h e e x c e p ­
t i o n t h a t t h e p r o c e d u r e f o r s a t u r a t i o n o f t h e s a n d w a s o m i t t e d . 
1+8 
C H A P T E R V 
T E S T P R O C E D U R E A N D P R E S E N T A T I O N O F T E E R E S U L T S 
T h e p r i m a r y o b j e c t i v e o f t h i s r e s e a r c h w a s t o d e t e r m i n e t h e b e h a v i o r 
o f s a n d u n d e r p l a n e s t r a i n c o n d i t i o n s a t e l e v a t e d c o n f i n i n g p r e s s u r e s . For 
t h i s p u r p o s e t h e n e w p l a n e s t r a i n a p p a r a t u s w h i c h w a s d e v e l o p e d a t G e o r g i a 
I n s t i t u t e o f T e c h n o l o g y w a s u s e d i n t h e t e s t p r o g r a m . A n o t h e r series o f 
t e s t s w a s c o n d u c t e d o n t h e s a m e s a n d i n t h e c o n v e n t i o n a l t r i a x i a l cell. In 
e a c h s e r i e s t h e s a n d w a s t e s t e d u n d e r t h e s a m e p l a c e m e n t d e n s i t y a n d c o n s o l i ­
d a t i o n p r e s s u r e s . T h e r e s u l t s a r e p r e s e n t e d i n a t a b u l a t e d f o r m i n A p p e n d i x 
1 a n d t y p i c a l t e s t s a r e i l l u s t r a t e d g r a p h i c a l l y . 
P l a n e S t r a i n T e s t s 
T h r e e s e r i e s o f t e s t s w e r e c o n d u c t e d u n d e r p l a n e s t r a i n c o n d i t i o n s , 
e a c h s e r i e s c o r r e s p o n d s t o a m a x i m u m c o n f i n i n g p r e s s u r e u s e d i n t h i s s t u d y . 
I n t h e 70 p s i a n d 110 p s i s e r i e s t h e s p e c i m e n s w e r e c o n s o l i d a t e d either un­
d e r o n e d i m e n s i o n a l c o n s o l i d a t i o n ( K ^ c o n s o l i d a t i o n ) o r i s o t r o p i c conditions0 
T h e s p e c i m e n s i n t h e t h i r d s e r i e s w e r e c o n s o l i d a t e d o n l y u n d e r i s o t r o p i c 
c o m p r e s s i o n . 
C o n s o l i d a t i o n S t a g e 
A t t h e b e g i n n i n g o f t h e c o n s o l i d a t i o n s t a g e b a c k p r e s s u r e w a s a p p l i e d 
t o r e d u c e t h e e f f e c t o f a i r w h i c h m i g h t b e t r a p p e d i n t h e s p e c i m e n o r v o l u m e 
c h a n g e d e v i c e a n d i t s a s s o c i a t e d c o n n e c t i o n s . B a c k p r e s s u r e w a s a p p l i e d b y 
a s i m u l t a n e o u s i n c r e a s e o f t h e c e l l p r e s s u r e a n d t h e p o r e p r e s s u r e b y t h e 
s a m e a m o u n t w h i l e m a i n t a i n i n g a s m a l l e f f e c t i v e c o n f i n i n g p r e s s u r e . I n m o s t 
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o f t h e t e s t s a b a c k p r e s s u r e o f 20 p s i w a s u s e d . A s e t o f r e a d i n g s w a s 
t a k e n a f t e r t h e c e l l p r e s s u r e , t h e l e v e l o f w a t e r i n t h e v o l u m e c h a n g e d e ­
v i c e a n d t h e b a c k p r e s s u r e e q u a l i z e d . T h e s a n d w a s c o n s o l i d a t e d a s f o l l o w s : 
( a ) K C o n s o l i d a t i o n 
I n t h i s s t a g e t h e s a n d w a s f o r c e d t o c o n s o l i d a t e u n d e r n o l a t e r a l 
d e f o r m a t i o n . T h e l o a d i n g p r o c e d u r e w a s t o i n c r e a s e t h e c e l l p r e s s u r e u n t i l 
t h e l a t e r a l d i m e n s i o n s o f t h e s p e c i m e n j u s t s t a r t e d t o d e c r e a s e . T h i s s m a l l 
d e c r e a s e c a u s e d a c h a n g e i n t h e e l e c t r i c a l r e s i s t a n c e o f t h e l a t e r a l s e n s o r 
b r i d g e w h i c h w a s e n e r g i z e d b y a B a l d w i n - L i m a - H a m i l t o n s t r a i n i n d i c a t o r „ 
T h e c h a n g e i n l a t e r a l d i m e n s i o n c a u s e d t h e p o i n t e r o f t h e s t r a i n i n d i c a t o r 
t o m o v e f r o m t h e z e r o p o s i t i o n . A t t h a t m o m e n t t h e i n c r e a s e i n t h e c e l l 
p r e s s u r e w a s s t o p p e d a n d t h e m o v e a b l e e n d p l a t e s w e r e m a i n t a i n e d i n c o n t a c t 
w i t h t h e s p e c i m e n b y a d j u s t i n g t h e m a n u a l s c r e w p u m p c o n n e c t e d t o t h e h y d r a u ­
l i c j a c k . A s e t o f r e a d i n g s , w h i c h i n c l u d e d t h e v o l u m e c h a n g e , s e n s o r , 
c e l l p r e s s u r e , a x i a l l o a d , l o n g i t u d i n a l l o a d , a n d d i a l g a g e w h i c h m e a s u r e s 
t h e a x i a l d e f o r m a t i o n , w e r e r e c o r d e d . T h e a x i a l l o a d w a s t h e n i n c r e a s e d 
w h i c h , i n t u r n , c a u s e d t h e s p e c i m e n t o s t a r t t o d e f o r m l a t e r a l l y a n d t h e 
s m a l l l a t e r a l d e f o r m a t i o n a c t i v a t e d t h e l a t e r a l s t r a i n s e n s o r . T h e c h a n g e 
i n t h e e l e c t r i c a l r e s i s t a n c e w a s t r a n s l a t e d t o a m o v e m e n t i n t h e p o i n t e r o f 
t h e s t r a i n i n d i c a t o r , b u t , t h i s t i m e i n t h e o p p o s i t e d i r e c t i o n . A t t h a t i n ­
s t a n t t h e a x i a l l o a d i n g w a s s t o p p e d a n d a s e t o f r e a d i n g s t a k e n . T h e c e l l 
p r e s s u r e w a s i n c r e a s e d a n d t h e p r o c e s s w a s r e p e a t e d u n t i l t h e c e l l p r e s s u r e 
r e a c h e d t h e d e s i r e d v a l u e . A f t e r c o n s o l i d a t i o n w a s c o m p l e t e d t h e l a t e r a l 
s e n s o r w a s d i s c o n n e c t e d b y a p p l y i n g p r e s s u r e t o a c t i v a t e t h e s m a l l p i s t o n s 
o n w h i c h t h e s e n s o r w a s m o u n t e d , w h i c h i n t u r n a l l o w e d t h e p l a t e s t o d r o p . 
U n d e r t h e K_ c o n d i t i o n t h e l e n g t h a n d w i d t h o f t h e s p e c i m e n s h o u l d 
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r e m a i n u n c h a n g e d . I f t h e l e n g t h s t a y s c o n s t a n t t h e n t h e v a l u e o f t h e i n t e r ­
m e d i a t e p r i n c i p a l e f f e c t i v e s t r e s s , a* , s h o u l d a l w a y s b e e q u a l t o t h e v a l u e 
o f t h e m i n o r p r i n c i p a l e f f e c t i v e s t r e s s , Cy T h e m a j o r p r i n c i p a l e f f e c t i v e 
s t r e s s w i l l b e d e s i g n a t e d b y a ' . B y d e f i n i t i o n , t h e v a l u e o f K i s e q u a l t o 
/ 1 / o / / 
o a 2 a a 2 
a n d i d e a l l y s h o u l d b e e q u a l t o . A t y p i c a l r e l a t i o n s h i p o f -p- a n d ~h 
d u r i n g c o n s o l i d a t i o n i s i l l u s t r a t e d i n F i g u r e 18. T h e s c a t t e r o f t h e p o i n t s 
a r e d u e t o t h e i n c r e m e n t a l a p p l i c a t i o n o f t h e a x i a l l o a d a n d t h e c e l l p r e s -
a2 CT3 s u r e . I t i s s h o w n t h a t t h e r a t i o s —r a n d Hr s t a r t e d f r o m a h i g h v a l u e o f 
G G 
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a p p r o x i m a t e l y u n i t y , w h i c h r e p r e s e n t s t h e i n i t i a l i s o t r o p i c c o n f i n i n g pressure 
t o w h i c h t h e s a n d w a s s u b j e c t e d a t t h e b e g i n n i n g o f t h e t e s t . T h e v a l u e s o f 
CT3 2 
-fr a n d —r i n i t i a l l y d e c r e a s e w i t h i n c r e a s e s o f a x i a l s t r a i n , t h e n l e v e l o f f 
1 °"l 
a n d r e m a i n e s s e n t i a l l y c o n s t a n t u n t i l t h e e n d o f c o n s o l i d a t i o n . T h e v a l u e s 
o f K ' f o r a l l t h e t e s t s w e r e p l o t t e d w i t h r e s p e c t t o t h e r e l a t i v e d e n s i t y , 
a s s h o w n i n F i g u r e 19. T h e g e n e r a l t r e n d s h o w s a s t r a i g h t line r e l a t i o n s h i p 
e x i s t i n g b e t w e e n K q a n d t h e r e l a t i v e d e n s i t y w i t h i n t h e r a n g e o f t h e c o n f i n ­
i n g p r e s s u r e s u s e d . T h e b e s t f i t l i n e w a s o b t a i n e d b y t h e m e t h o d o f l e a s t 
s q u a r e s . P o i n t s w h i c h w e r e f a r f r o m t h e b e s t f i t l i n e a r e a t t r i b u t e d t o 
i n a d e q u a t e a p p l i c a t i o n o f t h e a x i a l l o a d w h i c h w a s a p p l i e d m a n u a l l y . Re-
CT2 
f e r r i n g b a c k t o F i g u r e 18, i t i s s h o w n t h a t t h e r a t i o o f — r i s a l w a y s h i g h e r 
o' CT1 
t h a n t h e r a t i o o f pr b y a l m o s t a c o n s t a n t v a l u e . T h i s d i f f e r e n c e m a y b e 
r e l a t e d t o t h e s m a l l a m o u n t o f p r e s t r e s s i n g a p p l i e d t o t h e t i e b a r s p r i o r 
t o l o a d i n g . T h e d i f f e r e n c e m a y a l s o b e r e l a t e d t o t h e d i f f e r e n t b o u n d a r y 
c o n d i t i o n s w h i c h a r e a s s o c i a t e d w i t h a n d a^, r e s p e c t i v e l y . 
V o l u m e C h a n g e D u r i n g C o n s o l i d a t i o n - S i n c e t h e r e i s n o c h a n g e i n 
t h e l e n g t h o r w i d t h o f t h e s p e c i m e n d u r i n g K q c o n s o l i d a t i o n , a n y c h a n g e in 
t h e v o l u m e o f t h e s p e c i m e n s h o u l d b e r e l a t e d o n l y t o t h e c h a n g e i n i t s 
1.0 
F i g u r e 19. T h e R e l a t i o n s h i p B e t w e e n K a n d R e l a t i v e D e n s i t y 
o 
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h e i g h t . T h e r e l a t i o n s h i p b e t w e e n t h e c h a n g e i n t h e v o l u m e a n d h e i g h t o f 
t h e s p e c i m e n i s s h o w n i n F i g u r e 20. T h e p o i n t s s h o u l d f a l l o n a s t r a i g h t 
l i n e p a s s i n g t h r o u g h t h e o r i g i n w h o s e s l o p e i s e q u a l t o t h e i n i t i a l c r o s s -
s e c t i o n a l a r e a o f t h e s p e c i m e n . T h e s c a t t e r o f t h e p o i n t s a r o u n d t h e l i n e 
i n d i c a t e s t h a t t h e a x i a l d e f o r m a t i o n i s n o t u n i f o r m t h r o u g h o u t t h e c o n s o l i ­
d a t i o n s t a g e a n d s o m e r e a d i n g s w e r e t a k e n b e f o r e c o m p l e t e e q u i l i z a t i o n o f 
t h e v o l u m e c h a n g e . T h e d e v i a t i o n f r o m t h e s t r a i g h t l i n e m a y a l s o b e a t t r i ­
b u t e d t o t h e p r e s e n c e o f a i r b u b b l e s i n t h e s y s t e m , 
( b ) I s o t r o p i c C o n s o l i d a t i o n 
I n t h e i s o t r o p i c c o n s o l i d a t i o n t e s t s t h e c e l l p r e s s u r e w a s i n c r e a s e d 
i n c o n v e n i e n t i n c r e m e n t s a n d m e a s u r e m e n t s w e r e t a k e n a f t e r e a c h i n c r e m e n t . 
A f t e r t h e c e l l p r e s s u r e r e a c h e d t h e d e s i r e d v a l u e t h e s p e c i m e n w a s a l l o w e d 
t o c o n s o l i d a t e u n t i l t h e f l o w o f w a t e r s t o p p e d c o m p l e t e l y i n t h e v o l u m e 
c h a n g e d e v i c e . A t t h a t t i m e t h e m o v e a b l e e n d p l a t e s w e r e b r o u g h t i n t o c o n ­
t a c t w i t h t h e s p e c i m e n a n d t h e p l a t f o r m o f t h e l o a d i n g m a c h i n e w a s r a i s e d 
u n t i l t h e r i m t o u c h e d t h e l o a d i n g c a p . A s e t o f r e a d i n g s w e r e t a k e n o f 
t h e v o l u m e c h a n g e , a x i a l l o a d , l o a d , l o n g i t u d i n a l s t r a i n s e n s o r , a n d t h e 
d i a l g a g e o f a x i a l d e f o r m a t i o n , a n d t h e s p e c i m e n w a s r e a d y f o r t h e s h e a r 
s t a g e . 
S h e a r S t a g e D r a i n e d T e s t 
I n t h e s h e a r s t a g e t h e a x i a l l o a d w a s i n c r e a s e d i n c r e m e n t a l l y w h i l e 
t h e c e l l p r e s s u r e w a s k e p t c o n s t a n t t h r o u g h o u t t h e t e s t . A x i a l l o a d i n g w a s 
c o n t r o l l e d m a n u a l l y b y a c o n s t a n t f l o w h y d r a u l i c r e g u l a t o r o n t h e t e s t i n g 
m a c h i n e . T h e i n c r e a s e I n t h e a x i a l l o a d c a u s e d t h e s p e c i m e n t o d e f o r m 
l a t e r a l l y a s w e l l a s l o n g i t u d i n a l l y . T h e l o n g i t u d i n a l d e f o r m a t i o n , h o w e v e r , 
5 . 0 
CHANGE IN HEIGHT A H 
F i g u r e 20. T h e R e l a t i o n s h i p B e t w e e n V o l u m e C h a n g e a n d A x i a l D e f o r m a t i o n 
D u r i n g K C o n s o l i d a t i o n o f a P l a n e S t r a i n S p e c i m e n 
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w a s k e p t t o a ' m i n i m u m . b y s i m u l t a n e o u s a d j u s t m e n t o f t h e h y d r a u l i c j a c k 
w i t h t h e m a n u a l p u m p o u t s i d e t h e c e l l a s r e q u i r e d t o m a i n t a i n n o c h a n g e i n 
t h e l o n g i t u d i n a l s e n s o r r e a d i n g . R e a d i n g o f t h e a x i a l l o a d , a l o a d , 
v o l u m e c h a n g e , c e l l p r e s s u r e , a n d a x i a l d e f o r m a t i o n d i a l g a g e w e r e r e c o r d e d 
a t s m a l l i n t e r v a l s o f a x i a l d e f o r m a t i o n . T h e t e s t w a s n o t s t o p p e d a t t h e 
m a x i m u m a x i a l I p a d , b u t r a t h e r w a s g e n e r a l l y c o n t i n u e d u n t i l n o v o l u m e 
c h a n g e w a s o b s e r v e d i n t h e v o l u m e c h a n g e b u r e t t e . 
T h e r e d u c t i o n o f t h e d a t a w a s m a d e b y t h e u s e o f a n e l e c t r o n i c c o m ­
p u t e r . T h e g r a p h i c a l r e s u l t s a r e p r e s e n t e d i n t e r m s o f e i t h e r t h e e f f e c t i v e 
p r i n c i p a l s t r e s s e s o r i n t e r m s o f s o m e d i m e n s i o n l e s s q u a n t i t i e s s u c h a s 
s t r e s s r a t i o , a x i a l s t r a i n , o r v o l u m e t r i c s t r a i n . 
S t r e s s - S t r a i n R e l a t i o n s h i p 
D u r i n g t h e s h e a r s t a g e t h e m a j o r p r i n c i p a l s t r e s s w a s i n c r e a s e d ^ t h e 
m i n o r p r i n c i p a l s t r e s s w a s k e p t c o n s t a n t , a n d t h e i n t e r m e d i a t e p r i n c i p a l 
s t r e s s w a s a d j u s t e d t o c r e a t e p l a n e s t r a i n c o n d i t i o n s . T h e m a j o r p r i n c i p a l 
s t r e s s i n c r e a s e d t o a m a x i m u m v a l u e , t h e n r e m a i n e d c o n s t a n t f o r a c e r t a i n 
r a n g e o f a x i a l s t r a i n d e p e n d i n g o n t h e p l a c e m e n t d e n s i t y o f t h e s a n d . A 
t y p i c a l s t r e s s - s t r a i n r e l a t i o n s h i p f o r s p e c i m e n s c o n s o l i d a t e d u n d e r K q c o n ­
s o l i d a t i o n a n d s h e a r e d u n d e r d r a i n e d c o n d i t i o n s i s s h o w n i n F i g u r e 21. T h e 
g r a p h s s h o w t h a t t h e v a r i a t i o n o f a n d w i t h h a v e t h e s a m e c h a r a c t e r ­
i s t i c s i n t h a t b o t h r e a c h e d t h e m a x i m u m p o i n t a t a l m o s t t h e s a m e s t r a i n . 
I n m o s t o f t h e c a s e s , t h e v a l u e o f a ' s t a r t e d t o d e c l i n e b e f o r e a ' . W h e n 
t h e s p e c i m e n w a s i s o t r o p i c a l l y c o n s o l i d a t e d t h e v a l u e o f — s t a r t e d w i t h a 
a l 
v a l u e o f a p p r o x i m a t e l y u n i t y t h e n q u i c k l y l e v e l e d o f f u n t i l f a i l u r e , a f t e r 
a 2 
w h i c h i t i n c r e a s e d s l i g h t l y a g a i n . I t w a s a l s o f o u n d t h a t t h e v a l u e o f —r 
1 
a t f a i l u r e i s a p p r o x i m a t e l y e q u a l t o t h e v a l u e o f K o b t a i n e d f r o m t h e 
F i g u r e 21. T y p i c a l S t r e s s a n d S t r a i n R e l a t i o n s h i p D u r i n g 
S h e a r f o r a P l a n e S t r a i n S p e c i m e n 
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c o n s o l i d a t i o n s t a g e . T h i s o b s e r v a t i o n h a s a l s o b e e n n o t i c e d b y p r e v i o u s 
°2 
i n v e s t i g a t o r s (10.12) o n d i f f e r e n t s a n d s . T h e r a t i o —7—; r h a s a l s o 
°1 a 3 
. s t a r t e d w i t h r e l a t i v e l y h i g h v a l u e , t h e n i t l e v e l s o f f i n a m a n n e r s i m i l a r 
t o —r . T h e v a l u e o f —,—• r a t f a i l u r e c a n b e r e l a t e d e m p i r i c a l l y t o 
°1 °1 + CT3 
P o i s s o n ' s r a t i o o f t h e s a n d . I t i s i n t e r e s t i n g t o k n o w t h a t r e g a r d l e s s o f 
t h e m e t h o d o f c o n s o l i d a t i o n , t h e m a x i m u m m a j o r p r i n c i p a l e f f e c t i v e s t r e s s 
is t h e s a m e f o r t e s t s h a v i n g t h e s a m e r e l a t i v e d e n s i t y a n d c o n s o l i d a t i o n 
p r e s s u r e . T h e f a i l u r e s t r a i n i s h i g h e r f o r i s o t r o p i c a l l y c o n s o l i d a t e d s p e c i ­
m e n t h a n f o r c o n s o l i d a t e d s p e c i m e n , t y p i c a l v a l u e s b e i n g 2 p e r c e n t t o 3 
p e r c e n t h i g h e r . A t y p i c a l s t r e s s - s t r a i n r e l a t i o n s h i p f o r t r i a x i a l s p e c i m e n 
c o n s o l i d a t e d u n d e r K c o n s o l i d a t i o n a n d s h e a r e d u n d e r d r a i n e d c o n d i t i o n i s 
o 
i l l u s t r a t e d i n F i g u r e 22. 
A n g l e o f S h e a r i n g R e s i s t a n c e 
T h e c o n v e n t i o n a l M o h r - C o u l o m b t h e o r y w a s u s e d t o e v a l u a t e t h e a n g l e 
of s h e a r i n g r e s i s t a n c e , 0. I n t h i s t h e o r y i t i s a s s u m e d t h a t t h e i n t e r m e d i ­
a t e p r i n c i p a l s t r e s s , o^, h a s n o e f f e c t o n f a i l u r e , t h u s t h e m a j o r a n d m i n o r 
p r i n c i p a l s t r e s s e s a r e s u f f i c i e n t t o d e f i n e f a i l u r e p r o v i d e d t h a t t h e 
s t r e s s c i r c l e t o u c h e s t h e f a i l u r e e n v e l o p e (ih). T h e v a l u e o f 0 i n t e r m s 
of p r i n c i p a l e f f e c t i v e s t r e s s e s i s c a l c u l a t e d a s : 
1 1 " 3 
3 i n 0 ' = , / • (1) 
a l 3 
I n t h i s i n v e s t i g a t i o n i t i s a s s u m e d t h a t f a i l u r e o c c u r s w h e n t h e m a j o r 
p r i n c i p a l e f f e c t i v e s t r e s s r e a c h e s a m a x i m u m v a l u e o n t h e s t r e s s - s t r a i n p l o t , 
T h e v a l u e o f 0' w a s e x p r e s s e d , a s s h o w n i n e q u a t i o n ( l ) , t h r o u g h o u t 
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2,60 
2 2 0 
6 0 = 0 . 7 6 8 
L D r = 0 . 6 4 9 
to a. 
180 
to m cr 
CO 1 4 0 
100 
6 0 
+ 0 .3 
+ 0 . 2 h 
-0 .4 
JL L 
5 6 7 8 9 
% 6 , A X I A L S T R A I N 
10 11 (2 13 
6 7 8 9 
€ , A X I A L STRAIN 
13 
F i g u r e 22. T y p i c a l S t r e s s a n d S t r a i n R e l a t i o n s h i p D u r i n g 
S h e a r f o r a T r i a x i a l C o m p r e s s i o n S p e c i m e n 
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t h i s t h e s i s f o r b o t h p l a n e s t r a i n a n d t r i a x i a l t e s t s , a s s u m i n g a c o h e s i o n 
i n t e r c e p t o f z e r o . F o r e a c h s e r i e s o f t e s t s t h e v a l u e o f 0' i s p l o t t e d 
v e r s u s t h e r e l a t i v e d e n s i t y , ( b o t h a t t h e b e g i n n i n g o f t h e t e s t a n d a t 
t h e e n d o f c o n s o l i d a t i o n ) . T h e r e s u l t s a r e s h o w n i n F i g u r e s 23 t h r o u g h 28. 
4 2 
RELATIVE DENSITY D r 
F i g u r e 23. T h e R e l a t i o n s h i p B e t w e e n 0' a n d D r f o r P l a n e S t r a i n T e s t s 
( a ' = 70 p s i ) 
F i g u r e 2k. T h e R e l a t i o n s h i p B e t w e e n 0' a n d D r f o r P l a n e S t r a i n T e s t s 




F i g u r e 25. T h e R e l a t i o n s h i p B e t w e e n 07 a n d D p f o r P l a n e S t r a i n T e s t s 
(a' = 285 p s i ) 
4S 
F i g u r e 26. T h e R e l a t i o n s h i p B e t w e e n 0f a n d D r f o r T r i a x i a l T e s t s 
( a ' = 70 p s i ) 
ON 
41 
F i g u r e 27. T h e R e l a t i o n s h i p B e t w e e n 0 7 a n d D r f o r T r i a x i a l T e s t s 
( a ' = 110 p s i ) as 
4=r 
F i g u r e 28. T h e R e l a t i o n s h i p B e t w e e n 0' a n d D r f o r T r i a x i a l T e s t s 
( a ' = 285 p s i ) 
66 
C H A P T E R V I 
D I S C U S S I O N O F T E S T R E S U L T S 
T h e c h a r a c t e r i s t i c s o f C h a t t a h o o c h e e R i v e r s a n d w e r e a n a l y z e d b y 
s t u d y i n g t h e d a t a o b t a i n e d f r o m t w o t y p e s o f t e s t s . I n t h e f i r s t t y p e 
t h e s a n d w a s s u b j e c t e d t o p l a n e s t r a i n c o n d i t i o n s . I n t h e s e c o n d t y p e o f 
t e s t t h e s a n d w a s s u b j e c t e d t o c o n d i t i o n s o f a x i a l s y m m e t r y . T h e r e s u l t s 
f r o m t h e t w o t y p e s o f t e s t s w e r e c o m p a r e d . T h e r e s u l t s a r e a l s o c o r r e l a t e d 
w i t h t h e w o r k o f o t h e r i n v e s t i g a t o r s o n o t h e r t y p e s o f s a n d a n d w i t h 
s e v e r a l t h e o r i e s o f f a i l u r e . 
C o e f f i c i e n t o f E f t r t h P r e s s u r e a t R e s t 
T h e s i g n i f i c a n c e o f K c a n b e s t b e i l l u s t r a t e d w i t h r e f e r e n c e t o 
o 
t h e c o e f f i c i e n t s o f e a r t h p r e s s u r e a g a i n s t r e t a i n i n g s t r u c t u r e s . T h r e e o f 
t h e s e a r e w i d e l y u s e d i n a p p l i e d s o i l m e c h a n i c s ; t h e c o e f f i c i e n t o f e a r t h 
p r e s s u r e a t r e s t w h i c h i s r e p r e s e n t e d b y K Q (15), t h e c o e f f i c i e n t o f a c t i v e 
e a r t h p r e s s u r e , K ^ , a n d t h e c o e f f i c i e n t o f p a s s i v e e a r t h p r e s s u r e , K ^ . 
I f w e i m a g i n e a h o r i z o n t a l h o m o g e n e o u s m a s s o f s o i l b e i n g p l a c e d a g a i n s t 
a n i m m o v a b l e , l o n g , f r i c t i o n l e s s , r i g i d w a l l t h e n e a c h e l e m e n t o f s o i l a d j a ­
c e n t t o t h e w a l l i s a b l e t o u n d e r g o d e f o r m a t i o n o n l y i n t h e v e r t i c a l d i ­
r e c t i o n . U n d e r t h i s c o n d i t i o n t h e s o i l b e h i n d t h e w a l l i s s a i d t o b e i n 
a s t a t e o f e l a s t i c e q u i l i b r i u m (l6), a n d a n e l a s t i c s t r e s s - s t r a i n r e l a t i o n ­
s h i p m a y e x i s t . I f t h e s o i l i s a s s u m e d t o b e a h o m o g e n e o u s , e l a s t i c , a n d 
i s o t r o p i c m a t e r i a l t h e n t h e r e l a t i o n s h i p b e t w e e n p r i n c i p a l s t r e s s e s a n d 
p r i n c i p a l s t r a i n s c a n b e e x p r e s s e d a s f o l l o w s : 
67 
s 3 = I [ °3 " + a 2 > ] ^ 
w h e r e E i s t h e m o d u l u s o f e l a s t i c i t y , a n d v i s P o i s s o n T s r a t i o . I n t h e 
c a s e o f s o i l u n d e r t h e " a t - r e s t c o n d i t i o n , t h e v a l u e o f = e2 = 0 a n ( i 
a - ov, t h e n e q u a t i o n (k) c a n b e w r i t t e n a s f o l l o w s : 
o"3 = v ( a 1 + a 2 ) (5) 
o r 
• V a 5 _ 2 . (6) 
a l + a2 a l + a3 
T h e v a l u e o f P o i s s o n ! s r a t i o , v , a l s o c a n b e e x p r e s s e d i n t e r m s o f p r i n c i p a l 
e f f e c t i v e s t r e s s e s , a s : 
v = . (7) 
T h e r a t i o o f t h e m i n o r p r i n c i p a l e f f e c t i v e s t r e s s , ay t o t h e m a j o r p r i n c i ­
p a l e f f e c t i v e s t r e s s , cr ,̂ i s t h e c o e f f i c i e n t o f e a r t h p r e s s u r e a t r e s t , K Q . 
T h e r e f o r e , f r o m e q u a t i o n (7) t h e v a l u e o f P o i s s o n ' s r a t i o c a n b e e x p r e s s e d 




o r t h e v a l u e o f K c a n b e e x p r e s s e d i n t e r m s o f P o i s s o n ' s r a t i o a s : 
o 
D e p e n d i n g o n t h e m a g n i t u d e a n d d i r e c t i o n o f y i e l d i n g i n t h e e a r t h r e t a i n i n g 
s t r u c t u r e , t h e r e e x i s t s a n i n f i n i t e n u m b e r o f c o e f f i c i e n t s o f e a r t h p r e s s u r e 
b e t w e e n t h e t w o e x t r e m e s o f a c t i v e a n d p a s s i v e c o e f f i c i e n t o f e a r t h p r e s s u r e . 
The r e s u l t s o f K q t e s t s i n t h i s s t u d y o n p r i s m a t i c a n d c y l i n d r i c a l 
s a n d s p e c i m e n s , s h o w n i n F i g u r e 29, a r e e x p r e s s e d i n t e r m s o f s i n 0 7, w h e r e 
0' i s t h e m e a s u r e d a n g l e o f i n t e r n a l f r i c t i o n , a s e x p r e s s e d b y e q u a t i o n ( l ) • 
T h e m e t h o d o f l e a s t s q u a r e s w a s u s e d t o e s t a b l i s h t h e b e s t f i t l i n e b e t w e e n 
K a n d s i n 0'. 
o 
P u b l i s h e d r e s u l t s r e l a t i n g t o t h e v a l u e o f K q o n o t h e r t y p e s o f s a n d 
a r e p r e s e n t e d i n T a b l e 2. 
J a k y (21) s h o w e d t h e o r e t i c a l l y t h a t f o r c o h e s i o n l e s s s o i l s t h e v a l u e 
o f K c a n b e e x p r e s s e d a s : 
K = 1 - s i n 0' . (10) 
o 
T h e r e l a t i o n s h i p b e t w e e n t h e v a l u e o f K Q v e r s u s s i n & ' f o r t h e r e ­
s u l t s o f s e v e r a l i n v e s t i g a t o r s , a s w e l l a s t h e r e s u l t s o f t h e p r e s e n t t e s t s 
a r e s h o w n i n F i g u r e 30. The r e s u l t s o f t h i s i n v e s t i g a t i o n a n d e a r l i e r 
t e s t s g e n e r a l l y s h o w t h a t t h e v a l u e o f K Q d e c r e a s e s w i t h t h e i n c r e a s e o f 
t h e v a l u e o f 0'. H o w e v e r , t h e w i d e v a r i a t i o n o f t h e v a l u e o f K f r o m o n e 
o 
i n v e s t i g a t o r t o a n o t h e r m a y s u g g e s t t h a t t h e v a l u e o f K q i s g r e a t l y i n f l u ­
e n c e d b y o t h e r s o i l p r o p e r t i e s o r t e s t t e c h n i q u e s . W h e n t h e d a t a i n t h i s 
i n v e s t i g a t i o n w e r e c o m p a r e d w i t h e q u a t i o n (10) t h e r e s u l t s s h o w e d t h a t t h e 
0 . 7 . 
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0 .55 
S IN 
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F i g u r e 29. E x p e r i m e n t a l R e l a t i o n s h i p B e t w e e n K a n d s i n 0' 
ON 
vo 
T a b l e 2. P u b l i s h e d V a l u e o f K o n D i f f e r e n t T y p e s o f 
0 
S a n d 
I n v e s t i g a t o r M a t e r i a l K 
0 
T e r z a g h i (17) D e n s e s a n d o.ko - oM 
L o o s e s a n d oM - 0.50 
K J e l l m a n (2) G e r m a n s t a n d a r d s a n d 0.5 - 1.5 
B i s h o p (18) D e n s e B r a s t e d s a n d 0.36 39° 
L o o s e B r a s t e d s a n d oM 3^° 
S i m o n (19) D e n s e s a n d 0.37 
L o o s e s a n d 0.5^ 
W a d e (12) D e n s e B e l g i u m s a n d 0.1+29 39° 
L o o s e B e l g i u m s a n d 0.538 3^° 
H e n d r o n (20) 
( a s s c a l e d 
f r o m f i g u r e ) 
A n g u l a r s a n d 
R o u n d e d s a n d 
O.h - 0.5 
0.32 - .38 
0.7 
o WADE (12) BELGIUM SAND 
• BISHOP (17) BRASTED SAND 
• HENDRON ( l 9 ) ANGULAR SAND 
•4- HENDRON ( l 9 ) ROUNDED SAND 
J A K Y ( 2 0 ) K 0 = I - S I N <j>' 





K Q = 0.5 ( 1 . 5 - S I N (J)') 
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F i g u r e 30. R e l a t i o n s h i p B e t w e e n K a n d s i n 0 
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J a k y e x p r e s s i o n u n d e r e s t i m a t e s t h e v a l u e o f K q . T h i s i n d i c a t e s t h a t t h e 
e f f e c t i v e a n g l e o f s h e a r i n g r e s i s t a n c e i s n o t a v a l i d p a r a m e t e r t o e v a l u a t e 
t h e v a l u e o f K . R e f e r r i n g b a c k t o F i g u r e 19 , w e c a n s e e t h a t t h e v a r i a t i o n 
o f K w i t h t h e i n i t i a l r e l a t i v e d e n s i t y f o r p l a n e s t r a i n a n d t r i a x i a l t e s t s 
o 
s h o w t w o l i n e s a p p r o x i m a t e l y p a r a l l e l , w i t h t h e v a l u e o f K Q i n t h e t r i a x i a l 
t e s t s l i g h t l y h i g h e r t h a n i n t h e p l a n e s t r a i n t e s t . T h e d i f f e r e n c e i n t h e 
v a l u e o f K q m a y p o s s i b l y b e a t t r i b u t e d t o t h e d i f f e r e n c e i n t h e a v e r a g e 
t h i c k n e s s o f t h e r u b b e r m e m b r a n e u s e d i n t h e r e s p e c t i v e t e s t s . T h e a v e r a g e 
t h i c k n e s s o f t h e r u b b e r m e m b r a n e i n t r i a x i a l t e s t w a s 0.025 i n c h c o m p a r e d 
w i t h a t h i c k n e s s o f 0 . 050 i n c h i n t h e p l a n e s t r a i n t e s t . T h i s d i f f e r e n c e 
i n t h i c k n e s s e s m a y c a u s e d i f f e r e n t d e f o r m a t i o n c h a r a c t e r i s t i c s i n t h e t w o 
m e m b r a n e s u n d e r t h e s a m e c o n f i n i n g p r e s s u r e , A p o s s i b l e i n c r e a s e i n t h e 
d e f o r m a t i o n o f t h e p l a n e s t r a i n m e m b r a n e w o u l d c a u s e t h e s t r a i n i n d i c a t o r 
t o c a l l f o r a n i n c r e a s e i n t h e a x i a l s t r e s s t o c o m p e n s a t e f o r t h e l a t e r a l 
d e f o r m a t i o n w h e n t h e r e i s n o d e f o r m a t i o n o c c u r r i n g i n t h e s a m p l e . T h e r e f o r e , 
i t m a y b e a s s u m e d t h a t t h e v a l u e o f K q i s n o t i n f l u e n c e d b y t h e s h a p e o f 
t h e s p e c i m e n s . T h e v a l u e o f P o i s s o n V s r a t i o , v , c a n b e f o u n d f r o m t h e v a l u e 
o f K q , a s s h o w n i n e q u a t i o n (8) . F o r C h a t t a h o o c h e e R i v e r s a n d i t w a s f o u n d 
t h a t t h e v a l u e o f v i s n o t p a r t i c u l a r l y s e n s i t i v e t o v a r i a t i o n s o f t h e r e l a ­
t i v e d e n s i t y , a n d a v a l u e o f v = 0.31 c a n b e c o n s i d e r e d a s a n a v e r a g e v a l u e . 
M o d u l u s o f D e f o r m a t i o n D u r i n g C o n s o l i d a t i o n 
T h e m o d u l u s o f " d e f o r m a t i o n " d u r i n g c o n s o l i d a t i o n m a y b e c a l c u l a t e d 
u s i n g t h e g e n e r a l i z e d f o r m o f H o o k e 1 s l a w f o r a h o m o g e n e o u s , e l a s t i c , i s o ­
t r o p i c m a t e r i a l . F r o m e q u a t i o n s (2 ) , (3) , a n d (h), w e h a v e , r e s p e c t i v e l y : 
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a. 1 V/- , \ 
i• • r " i ( c t 2 + CT3} 
CT2 v , 
S 2 = E" " S(CT3 + a i } 
e 3 ^ r " l ( C T i + a 2 ) • 
A d d i n g t h e e q u a t i o n s , w e g e t 
0 1 + a p + °3 2 v 
e i + e 2 + e 3 = — ¥ — - - r ( C T i + °2+ a 3 } 
s i n c e + + - | r " f o r s a t u r a t e d s o i l d u r i n g c o n s o l i d a t i o n , a n d 
GT . + .a ; ..+ a 0 = 3 a • b y s u b s t i t u t i n g a n d s i m p l i f y i n g , w e g e t I d 5 o c t 
| Z = l f 2 £ i ( i . 2 v ) 
o r 
3 a 
E - (1 - 2v) • (11) 
T h e r e l a t i o n s h i p b e t w e e n ^ y ~ ^ a n < ^ i n i t i a l r e l a t i v e d e n s i t y D r , p l o t t e d 
o n a r i t h m e t i c s c a l e , i s s h o w n i n F i g u r e 31. T h e r e s u l t i n g b e s t f i t c u r v e 
w a s r e p l o t t e d o n l o g - l o g s c a l e a s d e p i c t e d i n F i g u r e 32. 
I t i s o f p a r t i c u l a r i n t e r e s t t h a t t h e r e s u l t s o f p r e v i o u s i n v e s t i g a ­
t i o n c o n d u c t e d o n C h a t t a h o o c h e e s a n d b y C l o u g h (22) a n d D o m a s c h u k (23) w e r e 
i n r e m a r k a b l e a g r e e m e n t w i t h t h e r e s u l t o f t h e p r e s e n t i n v e s t i g a t i o n . T h e 
v a r i a t i o n o f ^ r -^ w i t h r e s p e c t t o GQC^ f ° r s p e c i m e n s h a v i n g e q u a l r e l a t i v e 
0.Q65 
F i g u r e 31. R e l a t i o n s h i p B e t w e e n t h e V o l u m e t r i c S t r a i n P r o d u c e d by-
C o n s o l i d a t i o n a n d t h e I n i t i a l R e l a t i v e D e n s i t y 4=r 
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0 .2 0.3 0.4- 0.5 
IN IT IAL RELATIVE 
0.6 0.7 
DENSITY D r 
F i g u r e 32. R e l a t i o n s h i p B e t w e e n — a t t h e E n d o f C o n s o l i d a t i o n 
a n d D r 
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d e n s i t i e s i s s h o w n i n F i g u r e 33. 
AV 
B y u s i n g F i g u r e s 32 a n d 33 a n e x p e r i m e n t a l e q u a t i o n c o m b i n i n g ~ , 
a , , a n d D: w a s o b t a i n e d . T h e g e n e r a l f o r m o f t h e e q u a t i o n i s a s f o l l o w s : 
o c t ' r 
f = c ( D ^ ( V t ) b , (12) 
w h e r e a , b , a n d c a r e c o n s t a n t s . B y s u b s t i t u t i n g e q u a t i o n (12) i n t o e q u a ­
t i o n ( 1 1 ) , w e g e t : 
E c = | ( D r ) - a (a^)1-* ( l - 2 v ) , (13) 
w h e r e i s t h e m o d u l u s o f d e f o r m a t i o n o f s a n d d u r i n g c o n s o l i d a t i o n . 
A v e r a g e v a l u e s o f a , b , e , a n d v f o r t h e r a n g e o f c o n s o l i d a t i o n p r e s s u r e s 
u s e d w e r e -1.025, O.U9U5, 0.001^1, a n d 0.31, r e s p e c t i v e l y . B y s u b s t i t u t i n g 
t h e r e s p e c t i v e v a l u e s o f t h e c o n s t a n t s i n e q u a t i o n (13) a n d s i m p l i f y i n g , w e 
g e t : 
E = 808 ( D ) X - 0 2 5 ( a J 0 ' 5 0 5 5 . (Ik) c r Oct* 
F o r s i m p l i c i t y w e m a y c o n s i d e r t h e f i n a l f o r m o f e q u a t i o n (ih) a s 
E = 808 D Jo. . (15) c r V o c t x / 
S t r e s s - S t r a i n R e l a t i o n s h i p 
I n s o i l m e c h a n i c s t h e s t r e s s - s t r a i n r e l a t i o n s h i p i s u s u a l l y r e p r e ­
s e n t e d b y a p l o t o n a r i t h m e t i c s c a l § i n w h i c h t h e o r d i n a t e r e p r e s e n t s t h e 
a x i a l s t r e s s o r t h e d e v i a t o r i c s t r e s s a n d t h e a b s c i s s a s r e p r e s e n t t h e a x i a l 
0.1 
z o 
1 0 50 100 5 0 0 1000 
O C T A H E D R A L N O R M A L S T R E S S - 0 " o c | ( L B S . P E R S Q . I N ) 
F i g u r e 33. R e l a t i o n s h i p B e t w e e n | ^ a n d a , a t t h e E n d o f C o n s o l i d a t i o n 
V o c t _q 
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s t r a i n . E x c e p t f o r a n i n i t i a l l i n e a r p o r t i o n , t h e s t r e s s - s t r a i n c u r v e i s , 
i n g e n e r a l , u s u a l l y c u r v e d t h r o u g h o u t m o s t o f i t s l e n g t h a n d , a s a r e s u l t , 
t h e s t r e s s - s t r a i n r e l a t i o n s h i p c a n n o t b e e x p r e s s e d r e a d i l y b y a s i n g l e 
n u m e r i c a l v a l u e ( e . g . , b y a m o d u l u s o f e l a s t i c i t y ) . R e g a r d l e s s o f t h e 
n o n - l i n e a r i t y o f t h e s t r e s s - s t r a i n c u r v e , i t i s o f t e n u s e d t o d e f i n e s o m e 
s i g n i f i c a n t p h y s i c a l p r o p e r t i e s o f s o i l , e s p e c i a l l y t h e u l t i m a t e s t r e n g t h . 
H o w e v e r , t w o p a r a m e t e r s h a v e b e e n w i d e l y u s e d t o s t u d y t h e s t r e s s - s t r a i n 
c h a r a c t e r i s t i c s o f s o i l s u n d e r a s t a t i c f i r s t l o a d i n g , t h e i n i t i a l t a n g e n t 
m o d u l u s , E , , a n d t h e s e c a n t m o d u l u s , E • T h e i n i t i a l t a n g e n t m o d u l u s , E , , 
i s l 
i s d e f i n e d a s t h e s t r e s s p e r u n i t s t r a i n o f t h e s t r a i g h t l i n e p o r t i o n o f 
t h e s t r e s s - s t r a i n c u r v e . T h e s e c a n t m o d u l u s i s d e f i n e d a s t h e s l o p e o f a 
s t r a i g h t l i n e j o i n i n g t h e o r i g i n a n d a p o i n t o n t h e s t r e s s - s t r a i n c u r v e a t 
s o m e a r b i t r a r y v a l u e o f s t r a i n . T h e t a n g e n t m o d u l u s r e p r e s e n t s t h e m o d u l u s 
o f e l a s t i c i t y o f t h e m a t e r i a l i n l i n e a r e l a s t i c i t y s i n c e i t i s o b t a i n e d f r o m 
t h e p o r t i o n o f t h e c u r v e w h e r e s t r e s s i s l i n e a r l y p r o p o r t i o n a l t o s t r a i n . 
M a n y i n v e s t i g a t o r s h a v e t r i e d t o d e v e l o p m a t h e m a t i c a l e x p r e s s i o n s 
t o d e f i n e t h e s t r e s s - s t r a i n c h a r a c t e r i s t i c s o f c o h e s i o n l e s s s o i l s . K o n d n e r 
a n d Z e l a s k o (2^,25) h a v e d e v e l o p e d a h y p e r b o l i c f u n c t i o n r e l a t i n g t h e d e v i a -
t o r i c s t r e s s w i t h a x i a l s t r a i n i n t e r m s o f t w o p a r a m e t e r s w h i c h i n c o r p o r a t e 
t h e t a n g e n t m o d u l u s a n d t h e d e v i a t o r i c s t r e s s . T h e e q u a t i o n i s s t a t e d a s 
f o l l o w s : 
«i-'3-Trhi • ( l 6 ) 
w h e r e a a n d b a r e p a r a m e t e r s w h i c h d e p e n d o n t h e s a n d t e s t e d , t h e v o i d 
r a t i o , a n d t h e o c t a h e d r a l n o r m a l s t r e s s . T h e e q u a t i o n w a s d e r i v e d f r o m t h e 
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s t r e s s - s t r a i n c u r v e o f s a n d t e s t e d u n d e r t r i a x i a l c o m p r e s s i o n w i t h c o n s t a n t 
o c t a h e d r a l n o r m a l s t r e s s . W r o t h a n d B a s s e t (26) h a v e d e v e l o p e d t h r e e e x ­
p o n e n t i a l e q u a t i o n s t o d e s c r i b e t h e s h e a r s t r e s s - s t r a i n c h a r a c t e r i s t i c s o f 
i d e a l i z e d s a n d . The f i r s t e q u a t i o n r e l a t e s t h e n o r m a l s t r e s s a n d t h e v o i d 
r a t i o , t h e s e c o n d e q u a t i o n i s a n e n e r g y e q u a t i o n , a n d t h e t h i r d e q u a t i o n 
i s a s t r a i n e q u a t i o n . T h e d e v e l o p m e n t o f t h e c o n c e p t w a s n o t b a s e d o n 
r e a l s a n d , b u t s t e e l b a l l s 1 mm i n d i a m e t e r t e s t e d i n a s i m p l e s h e a r a p p a r a ­
t u s . A n o t h e r t h e o r y b a s e d o n w a v e v e l o c i t y a n d e n e r g y d i s s i p a t i o n w a s d e ­
v e l o p e d b y D u f f y a n d M i n d l i n (27) t o e x p r e s s t h e s t r e s s - s t r a i n r e l a t i o n s h i p 
i n g r a n u l a r m e d i a . T h e t h e o r y w a s s u p p l e m e n t e d b y t e s t i n g s m a l l s p h e r e s 
o f e q u a l d i a m e t e r p l a c e d i n c u b i c a l a r r a y . T h e r e s u l t s o f t h e t h e o r e t i c a l 
a n d e x p e r i m e n t a l t e s t s s h o w e d n o n - l i n e a r s t r e s s - s t r a i n r e l a t i o n s h i p s f o r 
t h e e l a s t i c s p h e r e s . T h e p r e s e n t i n v e s t i g a t i o n s h o w e d a l i n e a r s t r e s s - s t r a i n 
r e l a t i o n s h i p a t t h e b e g i n n i n g o f s h e a r w h i c h i s f o l l o w e d b y g r a d u a l c u r v a ­
t u r e u n t i l f a i l u r e f o r b o t h p l a n e s t r a i n a n d t r i a x i a l t e s t s . I t w a s f o u n d 
t h a t t h e i n i t i a l t a n g e n t m o d u l u s E ^ v a r i e s l i n e a r l y w i t h t h e i n i t i a l r e l a ­
t i v e d e n s i t y D r a n d e x p o n e n t i a l l y w i t h t h e m a x i m u m c o n s o l i d a t i o n p r e s s u r e . 
I t w a s a l s o f o u n d t h a t f o r t h e s a m e r e l a t i v e d e n s i t y a n d m a x i m u m c o n s o l i d a ­
t i o n p r e s s u r e , t h e i n i t i a l t a n g e n t m o d u l u s o f e l a s t i c i t y o f s p e c i m e n s t e s t e d 
i n t h e t r i a x i a l a p p a r a t u s i s l a r g e r t h a n t h o s e t e s t e d u n d e r p l a n e s t r a i n 
c o n d i t i o n s . 
M o s t r e c e n t l y , a n e x t e n s i v e s t u d y w a s m a d e u n d e r t h e d i r e c t i o n o f 
S o w e r s (28) t o e v a l u a t e t h e m o d u l u s o f e l a s t i c i t y o f s a n d . T w o s e r i e s o f 
t e s t s w e r e p e r f o r m e d . I n t h e f i r s t s e r i e s J a c k s o n v i l l e , F l o r i d a s a n d w a s 
u s e d , w h i l e i n t h e s e c o n d s e r i e s D a y t o n a B e a c h s a n d w a s t e s t e d . T h e r e s u l t s 
o f t h e t e s t y i e l d t h e f o l l o w i n g e x p r e s s i o n : 
8o 
E = C 1 a 3 n , • (17) 
CT1 
w h e r e CL a n d n a r e a f u n c t i o n o f , a n d t h e i r v a l u e s d e c r e a s e w i t h t h e 
1 G 
<y± 3 
i n c r e a s e o f — . 
CT3 
A n o t h e r e x p r e s s i o n f o r t h e e v a l u a t i o n o f t h e t a n g e n t m o d u l u s o f 
s a n d s h e a r e d u n d e r c o n f i n i n g p r e s s u r e v a r i e s b e t w e e n 210 K g p e r s q u a r e c m . 
a n d 633 K g p e r s q u a r e c m . w a s d e r i v e d b y C l o u g h (21) . H i s e x p e r i m e n t a l 
s t u d y p r o d u c e s t h e f o l l o w i n g r e l a t i o n s h i p : 
E =180 . a Q ° - 6 1 . (18) 
E q u a t i o n (18) i m p l i e s t h a t t h e v a l u e o f t h e t a n g e n t m o d u l u s i s o n l y 
a f u n c t i o n o f t h e c o n s o l i d a t i o n p r e s s u r e . 
B a s e d o n t h e e x p e r i m e n t a l d a t a c o l l e c t e d i n t h i s i n v e s t i g a t i o n , t w o 
e x p r e s s i o n s r e l a t i n g t h e i n i t i a l t a n g e n t m o d u l u s w i t h t h e r e l a t i v e d e n s i t y 
a n d m a x i m u m c o n s o l i d a t i o n p r e s s u r e h a v e b e e n f o r m u l a t e d . T h e f i r s t e x ­
p r e s s i o n i s r e l a t e d t o p l a n e s t r a i n t e s t s a n d i s e x p r e s s e d a s f o l l o w s : 
E . = 1020 BT(^)°MG ... (19) 
T h e s e c o n d e x p r e s s i o n i s c o n c e r n e d w i t h t r i a x i a l t e s t s a n d i s s t a t e d a s 
f o l l o w s : 
E . - 1100 D ( a ' ) 0 ' 5 3 3 , (20) 
x r 
w h e r e v a r i e s b e t w e e n 0.3 t o 1.0 a n d r a n g e s b e t w e e n 70 p s i a n d 285 p s i . 
C o m p a r i n g e q u a t i o n s (19) a n d ( 2 0 ) w i t h e q u a t i o n ( 1 5 ) , w e f i n d t h a t 
t h e v a l u e o b t a i n e d b y e q u a t i o n ( 1 5 ) i s b e t w e e n t h e v a l u e s o b t a i n e d f r o m 
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e q u a t i o n s (19) a n d (20). 
I t i s p a r t i c u l a r l y i n t e r e s t i n g t o n o t e t h a t t h e r e s e a r c h d o n e b y 
S o w e r s (28) o n J a c k s o n v i l l e , F l o r i d a s a n d a n d P a y t o n a B e a c h s a n d , a n d a l s o 
t h e r e s u l t s o f C l o u g h (22) a n d t h e r e s u l t s o f t h i s i n v e s t i g a t i o n s h o w t h a t 
t h e m o d u l u s o f e l a s t i c i t y o f s a n d v a r i e s e x p o n e n t i a l l y w i t h Oy T h e r e ­
s u l t s o f S o w e r s s h o w t h a t t h e c o n s t a n t o f p r o p o r t i o n a l i t y v a r i e s l i n e a r l y 
a i 
w i t h — f o r a g i v e n r e l a t i v e d e n s i t y , w h i l e t h e r e s u l t s o f t h i s i n v e s t i g a -
a3 
t i o n i n d i c a t e t h a t i t v a r i e s o n l y w i t h t h e i n i t i a l r e l a t i v e d e n s i t y . 
F r o m t h e a b o v e d i s c u s s i o n i t c a n "be c o n c l u d e d t h a t t h e m o d u l u s o f 
e l a s t i c i t y o f s a n d c a n n o t b e e x p r e s s e d b y a s i n g l e v a l u e . I t i s a f u n c t i o n 
o f t h e d e n s i t y , m a x i m u m c o n s o l i d a t i o n p r e s s u r e , a n d t h e t y p e o f m a g n i t u d e 
o f d e f o r m a t i o n a l l o w e d . 
E q u a t i o n ( 1 5 ) m a y b e u s e d t o e s t i m a t e t h e c o n t a c t s e t t l e m e n t b e n e a t h 
a n a r e a c a r r y i n g u n i f o r m l o a d . T o i l l u s t r a t e t h e u s e o f e q u a t i o n ( 15 ) , t h e 
f o l l o w i n g e x a m p l e c a n b e p r e s e n t e d : 
E x a m p l e 1 : I t i s r e q u i r e d t o c a l c u l a t e a p p r o x i m a t e l y t h e c o n t a c t 
s e t t l e m e n t a t t h e c e n t e r o f a c i r c u l a r a r e a s h o w n i n F i g u r e 3̂ -. T h e s o i l 
Tdry =95 pcf 
G s * 2.66 
2R~ 60 f t 
T 
J u • - J 
T 
°5 
1000 psf = 6.944 psi 
8 =30 f t 
F i g u r e 3*+. I l l u s t r a t i v e E x a m p l e 1 
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i s m e d i u m s a n d w i t h p h y s i c a l p r o p e r t i e s s i m i l a r t o t h a t o f C h a t t a h o o c h e e 
R i v e r Sqtnd a n d a n a v e r a g e u n i t d r y w e i g h t o f 95 p c f . 
S o l u t i o n : 
v s 3 g ^ V " - ~ 2M9l'62.h °'5723 f t 3 vol™e of s o l i d s 
V y = 1 - 0.5723 = 0.^277 f t 3 v o l u m e o f v o i d s 
e = ~ = l'^j723 = ° - ^ 7 3 v o i d r a t i o 
s 
e *" e 
\ = e ^ e = i ' o o I °Agl3 = ° - 6 8 9 5 r e l a t i v e d e n s i t y 
max; m i n * y y 
K n o w i n g t h e v a l u e o f r e l a t i v e d e n s i t y , t h e v a l u e o f K q c a n b e e v a l u a t e d 
f r o m F i g u r e 19 a s K = O.J+55. 
o 
cr = 95 x 15 +1000 = 2U25 p s f * 16.8U p s i 
a = a x K = 16.8U x 0.1+55 ~ 7.66 p s i 
0 1 o 
\ = 8 0 8 l > r / ^ ( 1 5 ) 
i 
E i = 808 x 0.6895 x (10 .72) 2 = I82U p s i 
T h e s e t t l e m e n t a t t h e c e n t e r o f t h e l o a d e d a r e a , w , c a n b e c a l c u l a t e d (29) a s 
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W = 





 2 - ^ g ^ 3 1 ^ ^ x 6 . 9 ^ x 30 x 12 =• 2,kQ i n c h e s . 
A n s w e ^ : C o n t a c t s e t t l e m e n t a t t h e c e n t e r i s 2.U8 i n c h e s . 
F a i l u r e s t r a i n w i l l b e d e f i n e d h e r e a s t h e a m o u n t o f a x i a l s t r a i n 
w h i c h t h e s a n d u n d e r g o e s a t t h e p e a k d e v i a t o r i c s t r e s s . I t w a s f o u n d t h a t 
t h e f a i l u r e s t r a i n v a r i e s w i t h t h e d e n s i t y , t h e c o n s o l i d a t i o n p r e s s u r e a n d 
t h e t y p e o f t e s t . F o r t h e s a m e r e l a t i v e d e n s i t y a n d c o n f i n i n g p r e s s u r e , 
i t w a s f o u n d t h a t t h e f a i l u r e s t r a i n f o r s a n d t e s t e d u n d e r a x i a l s y m m e t r y 
i s h i g h e r t h a n t h a t t e s t e d u n d e r p l a n e s t r a i n . S i m i l a r p h e n o m e n a h a v e 
a l s o b e e n o b s e r v e d b y C o r n f o r t h (10) o n B r a s t e d s a n d , a n d W a d e (12) o n 
B e l g i u m s a n d . I t w a s a l s o o b s e r v e d t h a t t h e r a t i o o f f a i l u r e s t r a i n i n 
t r i a x i a l s p e c i m e n s t o t h a t i n p l a n e s t r a i n s p e c i m e n s d e c r e a s e s w i t h i n ­
c r e a s e s i n c o n f i n i n g p r e s s u r e u s e d i n t h i s i n v e s t i g a t i o n . 
I n t e r m e d i a t e P r i n c i p a l S t r e s s 
D u r i n g t h e K q c o n s o l i d a t i o n s t a g e t h e v a l u e o f t h e i n t e r m e d i a t e 
p r i n c i p a l e f f e c t i v e s t r e s s , cr̂ , w a s a p p r o x i m a t e l y e q u a l t o t h e m i n o r p r i n ­
c i p a l e f f e c t i v e s t r e s s . T h e r e f o r e , n o d i f f e r e n c e i n t h e b e h a v i o r o f s a n d 
t e s t e d u n d e r p l a n e s t r a i n c o n d i t i o n s o r a x i a l s y m m e t r y w a s o b s e r v e d . F o r 
K c o n s o l i d a t i o n t h e s t r e s s e s a r e r e l a t e d b y ; e r ' = o' = K (J-f. D u r i n g o d o o l 
t h e s h e a r s t a g e t h e v a l u e o f a' d e v i a t e d f r o m t h a t o f a ' a n d t h e v a r i a t i o n 
d j 
o f a ' a g a i n s t e w a s s i m i l a r t o , b u t s m a l l e r t h a n i^he v a r i a t i o n o f < j ' , 
a
2 °2 w i t h r e s p e c t t o t h e a x i a l s t r a i n . T h e r a t i o s —*• a n d —7—*—r w e r e p l o t t e d 1 o \ on + a 0 
a g a i n s t t h e i n i t i a l r e l a t i v e d e n s i t y , a s s h o w n i n F i g u r e 35. I t w a s f o u n d 
CT2 , a 2 
t h a t a s t r a i g h t l i n e r e l a t i o n s h i p e x i s t s b e t w e e n —r a n d + g r a t f a i l 
1 ~1 ~3 a 
u r e w i t h r e s p e c t t o t h e r e l a t i v e d e n s i t y . T h e v a l u e s o f -rr- a n d 
2 / —r- a r e p l o t t e d a g a i n s t t h e m i n o r p r i n c i p a l e f f e c t i v e s t r e s s , 0 , 
CT1 + CT3 3 
a t t h e e n d o f c o n s o l i d a t i o n , a s s h o w n i n F i g u r e 36. I t w a s f o u n d t h a t t h e 
v a l u e o f o' a t t h e e n d o f c o n s o l i d a t i o n h a s n o s i g n i f i c a n t e f f e c t o n t h e 
0 O 
v a l u e o f r*r a n d * a t f a i l u r e . F i g u r e 37 s h o w s t h e r e l a t i o n s h i p 
a' CT1 a l + a 3 
2 / 
b e t w e e n -*-r a t f a i l u r e K y a n d t h e v a l u e o f c r 0 . I n t h i s p l o t i t c a n b e 0 o 3 
s e e n t h a t t h e v a l u e o f a t f a i l u r e f o r d e n s e s a n d m a y s l i g h t l y u n d e r -
e s t i m a t e t h e v a l u e o f K . I t i s f o u n d t h a t t h e v a l u e o f -*r -r* a t f a i l -
a l + a 3 
u r e c a n b e e m p i r i c a l l y c o r r e l a t e d w i t h t h e v a l u e o f P o i s s o n ' s r a t i o , v. 
T h e r e s u l t s o f t h i s i n v e s t i g a t i o n a r e i n g e n e r a l a g r e e m e n t w i t h t h e t e s t 
r e s u l t s c a r r i e d o u t i n t h e p l a n e s t r a i n a p p a r a t u s a t I m p e r i a l C o l l e g e b y 
C o r n f o r t h (10) o n B r a s t e d s a n d , a n d W a d e (12) o n B e l g i u m s a n d a t c o n f i n i n g 
p r e s s u r e o f ho p s i . ^ 
°2 
T h e r e l a t i o n s h i p b e t w e e n t h e v a l u e o f / / a t f a i l u r e , t h e 
1 3 
c a l c u l a t e d v, a n d cr_ a r e p l o t t e d i n F i g u r e 38. I n t h i s f i g u r e i t i s s h o w n 
t h a t t h e v a l u e o f —r- a t f a i l u r e f o r d e n s e s a n d c a n e m p i r i c a l l y 
0 + 0 
1 3 
w e l l e s t i m a t e t h e v a l u e o f P o i s s o n T s r a t i o v, w h i l e f o r l o o s e s a n d i t m a y 
o v e r e s t i m a t e i t . A s a r e s u l t i t m a y b e s a i d t h a t t h e s o i l i s n o t a p e r ­
f e c t l y e l a s t i c m a t e r i a l . 
A n g l e o f S h e a r i n g R e s i s t a n c e 
S a n d c o n s i s t s o f s t r u c t u r a l a r r a n g e m e n t s o f s m a l l g r a i n s o f d i f f e r -
85 
F i g u r e 35. S t r e s s R a t i o a t F a i l u r e V e r s u s R e l a t i v e D e n s i t y 
300 
CONSOLIDATION PRESSURE ( ^ 3 ) 
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100 150 200 250 300 
<T^ AT THE END OF CONSOLIDATION 
CT2 
F i g u r e 38. R e l a t i o n s h i p B e t w e e n a t F a i l u r e v . 
o - l + a 3 
a n d t h e C o n s o l i d a t i o n P r e s s u r e 
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e n t s i z e , s h a p e , a n d m i n e r a l o g i c a l c o m p o s i t i o n w h i c h i n t u r n a f f e c t i t s 
p h y s i c a l b e h a v i o r u n d e r l o a d . T h e r e f o r e , s a n d i s a d i s c r e t e s y s t e m o f 
p a r t i c l e s a n d n o t a c o n t i n u o u s m e d i u m . 
W h e n a n e x t e r n a l l o a d i s a p p l i e d t o s a n d t h e l o a d w i l l b e t r a n s m i t t e d 
t o t h e m a s s t h r o u g h t h e p o i n t s o f c o n t a c t o f t h e g r a i n s . T h e r e s i s t a n c e o f 
s a n d t o t h e e x t e r n a l l o a d i s c o m m o n l y a s s o c i a t e d w i t h m o v e m e n t s w h i c h a r e 
t r a n s m i t t e d f r o m o n e g r a i n t o a n o t h e r t h r o u g h t h e p o i n t s o f c o n t a c t . T h e 
r e l a t i v e m o v e m e n t s b e t w e e n t h e g r a i n s i s i n t h e d i r e c t i o n o f t h e l o w e s t 
r e s i s t a n c e o p p o s i n g t h e g r a i n s . T h e m o v e m e n t b e t w e e n t h e s a n d g r a i n s m a y 
b e i n a f o r m o f r o l l i n g o r s l i d i n g w h i c h i s a l w a y s a s s o c i a t e d w i t h s h e a r i n g 
s t r e s s e s d e v e l o p e d i n t h e p l a n e o f m o v e m e n t . T h e r e l a t i o n s h i p b e t w e e n t h e 
s h e a r i n g s t r e s s , s , a n d t h e n o r m a l s t r e s s , o^, a c c o r d i n g t o M o h r ? s t h e o r y 
f o r c o h e s i o n l e s s m a t e r i a l , i s g i v e n b y t h e r e l a t i o n : 
s = cr t a n 0 , (21) 
n 
w h e r e 0 i s t h e a n g l e o f s h e a r i n g r e s i s t a n c e . T h e r e f o r e , t h e s h e a r i n g 
s t r e n g t h o f s a n d i s i n d i c a t e d b y t h e m a g n i t u d e o f a n g l e 0. T h e a n g l e 0' 
a s e x p l a i n e d i n C h a p t e r V , c a n b e c a l c u l a t e d f r o m M o h r ' s t h e o r y b y 
/ a i " a3 
s i n 0 ' = srr^ r f o r b o t h p l a n e s t r a i n a n d t r i a x i a l t e s t s . 
a l + a3 
F i g u r e s 23 t o 25 s h o w t h e r e l a t i o n s h i p b e t w e e n t h e a n g l e o f s h e a r ­
i n g r e s i s t a n c e a n d t h e r e l a t i v e d e n s i t y u n d e r p l a n e s t r a i n c o n d i t i o n s . T h e 
p l o t s h o w s t h a t t h e r e l a t i o n s h i p c a n b e a p p r o x i m a t e d b y a s t r a i g h t l i n e 
w h o s e s l o p e i s g r e a t l y i n f l u e n c e d b y t h e m a x i m u m c o n s o l i d a t i o n p r e s s u r e . 
I t w a s a l s o f o u n d t h a t t h e v a l u e o f <t>' i s a p p r o x i m a t e l y t h e s a m e w h e t h e r 
t h e s a n d w a s c o n s o l i d a t e d u n d e r K q c o n d i t i o n s qt b y i s o t r o p i c c o m p r e s s i o n . 
T h i s s h o w s t h a t t h e a n g l e o f s h e a r i n g r e s i s t a n c e 0 7 i s n o t i n f l u e n c e d b y 
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t h e m e t h o d o f c o n s o l i d a t i o n . 
F i g u r e s 26, 27, a n d 28 i l l u s t r a t e t h e r e l a t i o n s h i p b e t w e e n 0r a n d 
r e l a t i v e d e n s i t y f o r t h e t r i a x i a l t e s t d a t a . T h e r e s u l t s o f t h e t e s t s 
a l s o s h o w e d a l i n e a r r e l a t i o n s h i p b e t w e e n 0' a n d r e l a t i v e d e n s i t y . T h e 
v a r i a t i o n o f 0' a t t h e m a x i m u m a n d m i n i m u m r e l a t i v e d e n s i t y , w i t h r e s p e c t 
t o cr^ i s s h o w n i n F i g u r e 39* T h i s p l o t s h o w s t h a t i n t h e r a n g e o f t h e 
r e l a t i v e d e n s i t y u s e d , t h e a n g l e o f s h e a r i n g r e s i s t a n c e i s h i g h e r i n p l a n e 
s t r a i n . I t a l s o s h o w s t h a t t h e a n g l e 0' a t l o w r e l a t i v e d e n s i t y d o e s n o t 
v a r y a p p r e c i a b l y w i t h r e s p e c t t o a ^ , w h i l e 4 a t m a x i m u m r e l a t i v e d e n s i t y 
d e c r e a s e s w i t h t h e i n c r e a s e o f cr^ f o r b o t h t h e p l a n e s t r a i n a n d t h e t r i ­
a x i a l t e s t s . P u b l i s h e d r e s u l t s o n t h e a n g l e o f s h e a r i n g r e s i s t a n c e o f s a n d 
u n d e r p l a n e s t r a i n a n d t r i a x i a l c o n d i t i o n s a r e s u m m a r i z e d i n T a b l e 3. T h e 
d i f f e r e n c e i n t h e a n g l e o f s h e a r i n g r e s i s t a n c e o f p l a n e s t r a i n a n d t r i a x i a l 
t e s t s i n t h i s s t u d y i s i n c l o s e a g r e e m e n t w i t h t h e r e s u l t s o f C o r n f o r t h , 
W a d e , a n d D e M e r c h a n t . T h e r e l a t i o n s h i p b e t w e e n t h e a n g l e o f s h e a r i n g 
r e s i s t a n c e o f d i f f e r e n t s a n d s u n d e r p l a n e s t r a i n a n d t r i a x i a l c o n d i t i o n , 
r e s p e c t i v e l y , i s d e p i c t e d i n F i g u r e kO-. I n t h i s f i g u r e t h e r e s u l t s o f t h e 
t e s t s c a r r i e d o u t o n O t t a w a s a n d b y W h i t m a n (5) a n d D a n i s h s a n d b y C h r i s t e n -
s e n (k) s h o w t h a t t h e d i f f e r e n c e i n t h e a n g l e o f s h e a r i n g r e s i s t a n c e o f 
p l a n e s t r a i n a n d t r i a x i a l t e s t s f o r d e n s e s a n d , a s w e l l a s d e n s e s a n d , i s 
a l m o s t c o n s t a n t . S u c h f i n d i n g s a r e i n d i s a g r e e m e n t w i t h t h e r e s u l t s o f 
t h e p r e s e n t i n v e s t i g a t i o n . 
C o m p a r i n g 0', a s m e a s u r e d i n t e r m s o f e f f e c t i v e s t r e s s e s , v e r s u s 
r e l a t i v e d e n s i t y c u r v e s f o r d r a i n e d t e s t s w i t h t h o s e o f c o n s o l i d a t e d u n -
• d r a i n e d t e s t s , F i g u r e 1+1, i t w a s f o u n d t h a t i n b o t h p l a n e s t r a i n a n d t r i ­
a x i a l t e s t s , r e s p e c t i v e l y , t h e 0* a n g l e o f t h e c o n s o l i d a t e d u n d r a i n e d t e s t 
LEGEND 
- X — P L A N E STRAIN ( D r = 100 % ) 
-A -A- T R I A X I A L COMPRESSION ( p r = 1 0 0 % ) 
PLANE STRAIN ( D r = 3 0 % ) 
—A A— TRIAXIAL COMPRESSION ( D r = 3 0 % ) 
-J_ L JL 
AO 80 120 (?0 160 200 c LBS. PER SQ. IN. 2 4 0 2 8 0 
F i g u r e 39. R e l a t i o n s h i p B e t w e e n 0 ' a n d t h e C o n s o l i d a t i o n P r e s s u r e 
oo 
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T a b l ^ 3. S u m m a r y o f P u b l i s h e d D a t a o n S a n d s T e s t e d 
U n d e r P l a n e S t r a i n C o n d i t i o n s 
I n v e s t i g a t o r M a t e r i a l 
^3 ( p s i ) 0 P l a n e S t r a i n 
0 
T r i a x i a l 
K j e l l m a n ( 2 ) G e r m a n s t a n d a r d s a n d 2k.37 35° 
C h r i s t e n s e n (k) D a n i s h G 1 2 s a n d ( d e n s e ) kh° 39° 
D a n i s h G 1 2 s a n d ( l o o s e ) 33.5° 29.5° 
B j e r r u m ( 3 ) V a l g r i n d a s a n d ( d e n s e ) 1 2 . 1 48.5° 
V a l g r i n d a s a n d ( l o o s e ) 1 2 . 1 38.6° 3^.6° 
C o r n f o r t h ( 1 0 ) B r a s t e d s a n d ( d e n s e ) ko 1+1.5° 
B r a s t e d s a n d ( l o o s e ) ko 35° 33.5° 
W h i t m a n (5) O t t a w a s a n d ( d e n s e ) 30 U2 . l ° 35.6° 
O t t a w a s a n d ( l o o s e ) 30 39-3° 33° 
W a d e ( 1 2 ) B e l g i u m s a n d ( d e n s e ) ^0 39° 37° 
B e l g i u m s a n d ( l o o s e ) 1+0 3^° 33° 
D e M e r c h a n t (30) C h a t t a h o o c h e e s a n d ( d e n s e ) ko h3° 39° 
C h a t t a h o o c h e e s a n d ( l o o s e ) ko 33,7° 33° 
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A 
L E G E N D 
GERMAN SAND ( K J E L L M A N 1936) 
+ BRASTED SAND (CORNFORTH 1961) 
A BELGIUM SAND (WADE 1963 ) 
• DANISH SAND (CHRISTENSEN 1961) 
A VALGRINDA SAND ( B J E R R U M I 9 6 l ) 
0 OTTAWA SAND (^WHITMAN I 9 6 l ) 
-(J)- CHATTAHOOCHE SAND (DEMERCHANT 1967) 
• CHATTAHOOCHE SAND ( A L - H U S S A I N I 1967) 
26 30 3 2 3 4 36 38 
OF TRIAXIAL COMPRESSION TESTS 
40 4 2 
F i g u r e ho. C o m p a r i s o n B e t w e e n 0 7 o f T r i a x i a l T e s t a n d 




L E G E N D 
PLANE STRAIN (CONSOLIDATED DRAINED) 
PLANE STRAIN (CONSOLIDATED UNDRAINED) 
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i s s m a l l e r t h a n t h a t o f t h e d r a i n e d t e s t s a t t h e s a m e r e l a t i v e d e n s i t y 
a n d c o n s o l i d a t i o n p r e s s u r e . I n 19^8 T a y l o r (31) o b s e r v e d t h e s a m e 
p h e n o m e n o n i n d i r e c t s h e a r t e s t r e s u l t s o n s a n d . H e a s s u m e d t h a t t h e 
f a c t o r s c o n t r i b u t i n g t o t h e d i f f e r e n c e i n t h e v a l u e o f 0 f o r d r a i n e d a n d 
c o n s o l i d a t e d u n d r a i n e d t e s t s o n s a n d m a y b e a t t r i b u t e d t o t h e s t r a i n e n e r g y 
u s e d t o o v e r c o m e i n t e r l o c k i n g a n d t h e s t r a i n e n e r g y r e s u l t i n g f r o m t h e 
c h a n g e i n v o l u m e . T a y l o r s u g g e s t e d t h a t a n e n e r g y c o r r e c t i o n s h o u l d b e 
a p p l i e d t o t h e l a b o r a t o r y stress-strain r e l a t i o n s h i p i n o r d e r t o o b t a i n 
t h e t r u e s t r e s s - s t r a i n r e l a t i o n s h i p . 
I n 195V B i s h o p (32) a p p l i e d t h e c o n c e p t o f a s t r a i n e n e r g y c o r r e c t i o n 
t o t r i a x i a l t e s t d a t a i n w h i c h h e c o n s i d e r e d o n l y t h e p a r t o f t h e s t r a i n 
e n e r g y w h i c h r e s u l t e d f r o m t h e c h a n g e i n t h e v o l u m e t o c o r r e c t t h e p e a k 
d e v i a t o r s t r e s s . B i s h o p ' s c o r r e c t i o n i s d e r i v e d b y P o o r o o s h a s b a n d R o s c o e (33) 
a n d i s i n c l u d e d h e r e f o r c l a r i t y . 
A s a m p l e o f o r i g i n a l v o l u m e V i s s u b j e c t e d t o e f f e c t i v e c o m p r e s s i v e 
s t r e s s e s , c r ^ , a n d c r ^ c a u s i n g p r i n c i p a l s t r a i n s e^9 e ^ , a n d a n d 
t o t a l v o l u m e c h a n g e A V . T h e t o t a l e x t e r n a l e n e r g y e f f e c t e d b y t h e a p p l i e d 
f o r c e m o v e d s o m e d i s t a n c e i s t e r m e d d W , a n d t h e c h a n g e i n t h e i n t e r n a l e n e r g y 
i s d E . I n t r i a x i a l c o m p r e s s i o n a'0 = 0^ a n d e Q = e Q , t h e r e f o r e : 





B y s u b s t i t u t i n g e q u a t i o n (2*+) i n t o e q u a t i o n (22) a n d s i m p l i f y i n g , w e g e t : 
d E = ( c r j - e') d e± + d ( | l ) (25) 
dW = (<y[ - a p d e ± . (26) 
A t f a i l u r e , dW = d E , t h e r e f o r e ; 
o r 
- K - P f + r ^ - L "3 • ( 2 8 ) 
E q u a t i o n (28) s h o w s t h a t t h e c o r r e c t i o n f o r t h e p e a k d e v i a t o r s t r e s s a t 
f a i l u r e i s - T — oL. 
B i s h o p s u g g e s t e d t h e c o r r e c t i o n s h o u l d h e a p p l i e d t o t h e o b s e r v e d 
d e v i a t o r i c s t r e s s t o o b t a i n t h e c o r r e c t e d a n g l e o f i n t e r n a l f r i c t i o n . 
"When B i s h o p ' s c o r r e c t i o n w a s a p p l i e d t o t h e a n g l e s o f i n t e r n a l f r i c t i o n 
f o r p l a n e s t r a i n a n d t r i a x i a l d a t a , F i g u r e if 2, t h e r e s u l t s s h o w t h a t t h e 
c o r r e c t e d 0 f o r p l a n e s t r a i n s t i l l h i g h e r t h a n t h a t o f t r i a x i a l c o m ­
p r e s s i o n a n d n o u n i q u e v a l u e o f 0 f o r a g i v e n v a l u e o f r e l a t i v e d e n s i t y i s 
a c h i e v e d . H o w e v e r , b y a p p l y i n g B i s h o p ' s c o r r e c t i o n t o t h e d r a i n e d t e s t s , 
r e l a t i v e l y g o o d a g r e e m e n t i s o b t a i n e d b e t w e e n c o n s o l i d a t e d u n t r a i n e d a n d 
d r a i n e d 0 v a l u e s , e s p e c i a l l y f o r t h e d e n s e s p e c i m e n s , i n b o t h t y p e s o f 
t e s t s . 
4 2 , 
1.1 
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P o o r o o s h a s b a n d R o s c o e s h o w e d t h a t B i s h o p ' s e n e r g y c o r r e c t i o n i s 
i n c o m p l e t e s i n c e t h e p a r t o f s t r a i n e n e r g y a s s o c i a t e d w i t h t h e i s o t r o p i c 
c o n d i t i o n i s o m i t t e d f r o m e q u a t i o n (28). T h e y s u g g e s t e d a n o t h e r e n e r g y 
c o r r e c t i o n f o r t h e p e a k d e v i a t o r i c s t r e s s a t f a i l u r e , w h i c h i n c l u d e s t h e 
s t r a i n e n e r g y d u e t o i s o t r o p i c c o m p r e s s i o n a s w e l l a s d i s t o r t i o n . T h e i r 
c o r r e c t i o n f o r t h e p e a k d e v i a t o r s t r e s s i s 
d v 
w h e r e v = r = w h e r e U i s t h e e n e r g y a b s o r b e d d u r i n g c o n s o l i d a t i o n . 
V o d v 
T h e v a l u e o f r w a s a s s u m e d t o b e e q u a l t o o* ^ a < t t h e e n d o f c o n s o l i d a t i o n 
w h e n t h e m a t e r i a l t e n d s t o d e c r e a s e i n v o l u m e d u r i n g s h e a r , a n d e q u a l t o 
z e r o f o r m a t e r i a l w h i c h i n c r e a s e s i n v o l u m e d u r i n g s h e a r . I t i s f o u n d t h a t 
t h e a n g l e o f i n t e r n a l f r i c t i o n o f t h e c o n s o l i d a t e d u n d r a i n e d p l a n e s t r a i n 
t e s t s i s h i g h e r t h a n t h a t o f c o n s o l i d a t e d u n d r a i n e d t r i a x i a l t e s t s , a s 
s h o w n i n F i g u r e 39. T h i s s u g g e s t s t h a t t h e P o o r o o s h a s b a n d R o s c o e h y p o ­
t h e s i s a l s o d o e s n o t g i v e a u n i q u e 0', s i n c e J*'- V f o r t h e u n d r a i n e d t e s t i s 
d e1 
z e r o , a f a c t w h i c h m a k e s t h e s u g g e s t e d c o r r e c t i o n e q u a l t o z e r o i n b o t h 
p l a h e s s t r a i n a n d t r i a x i a l t e s t s . 
A n o t h e r m e t h o d t o e v a l u a t e t h e v a l u e o f 0 w a s s u g g e s t e d b y D e W e t (3̂ )< 
H e a l s o a s s u m e d t h a t t h e t o t a l e n e r g y i n s a n d c o n s i s t s o f t w o c o m p o n e n t s , 
f i r s t t h e e n e r g y s t o r e d d u e t o t h e a p p l i c a t i o n o f h y d r o s t a t i c p r e s s u r e , a n d 
s e c o n d l y , t h e e n e r g y o f d i s t o r t i o n w h i c h a c t s t o o v e r c o m e t h e s h e a r i n g r e ­
s i s t a n c e o f t h e p a r t i c l e s • H e f u r t h e r a s s u m e d t h a t f a i l u r e o c c u r r e d w h e n 
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t h e e n e r g y o f d i s t o r t i o n i s e q u a l t o t h e e n e r g y s t o r e d b y t h e h y d r o s t a t i c 
p r e s s u r e . F i n a l l y , h e c o n c l u d e d t h a t 0 c o u l d b e o b t a i n e d f r o m t h e f o l l o w ­
i n g e x p r e s s i o n : 
w h e r e v i s P o i s s o n ' s r a t i o f o r s a n d . 
D e W e t a s s u m e d t h a t h y d r o s t a t i c s t r e s s m a y c a u s e f a i l u r e . T h i s 
a s s u m p t i o n h a d b e e n d i s p r o v e n b y B r i d g m a n (35)? w h o s h o w e d t h a t h y d r o s t a t i c 
s t r e s s i s r e s p o n s i b l e o n l y f o r c h a n g e i n v o l u m e o f t h e s a m p l e . 
T h e c u r r e n t i n v e s t i g a t i o n o n C h a t t a h o o c h e e R i v e r s a n d s h o w e d t h a t 
t h e v a l u e o f v i s t h e s a m e f o r s p e c i m e n s t e s t e d u n d e r b o t h p l a n e s t r a i n 
a n d t r i a x i a l c o n d i t i o n s . T h e r e f o r e , a c c o r d i n g t o t h e D e W e t h y p o t h e s i s 
t h e v a l u e o f 0 s h o u l d b e t h e s a m e w h e t h e r t h e s a n d i s t e s t e d u n d e r a x i a l 
s y m m e t r y o r p l a n e s t r a i n c o n d i t i o n s , w h i c h i s n o t c o n f i r m e d t o b e t r u e i n 
t h e s e t e s t s . R e f e r r i n g a g a i n t o F i g u r e 38, i t i s s h o w n t h a t w i t h i n t h e 
r a n g e o f t h e c o n s o l i d a t i o n p r e s s u r e s u s e d (70 p s i a n d 110 p s i ) , h a s 
n o e f f e c t o n v ; t h e r e f o r e , a c c o r d i n g t o t h e D e W e t h y p o t h e s i s t h e v a l u e o f 
0 s h o u l d b e t h e s a m e i r r e s p e c t i v e o f t h e c o n s o l i d a t i o n p r e s s u r e u s e d . T h i s 
d o e s n o t a g r e e w i t h t h e e x p e r i m e n t a l r e s u l t s . 
I n 1963 R o w e (36) d e v e l o p e d a h y p o t h e s i s t o e v a l u a t e t h e a n g l e o f 
i n t e r n a l f r i c t i o n 0 i n a g r a n u l a r m a t e r i a l . T h e h y p o t h e s i s w a s b a s e d o n 
i n t e r p a r t i c l e s l i d i n g a n d t h e r e l a t i o n s h i p b e t w e e n s t r e s s e s , s t r a i n s , a n d 
v o l u m e c h a n g e o f a t w o - d i m e n s i o n a l a r r a y o f r e g u l a r s p h e r e s . H e a s s u m e d 
t h a t t h e e q u a t i o n s d e r i v e d f o r i d e a l s p h e r e s c a n a l s o b e a p p l i e d t o r a n d o m 
m a s s e s o f i r r e g u l a r p a r t i c l e s . H e a l s o a s s u m e d t h a t f a i l u r e o c c u r s w h e n 
( 3 0 ) 
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t h e i n t e r n a l e n e r g y o f t h e s o i l i s a m i n i m u m , a n d t h e a n g l e o f i n t e r n a l 
f r i c t i o n a t f a i l u r e c a n h e e x p r e s s e d a s f o l l o w s : 
R o w e ' s h y p o t h e s i s w a s a p p l i e d t o b o t h t h e t r i a x i a l a n d p l a n e s t r a i n d a t a 
f o r s p e c i m e n s c o n s o l i d a t e d t o 70 p s i , a n d r e s u l t s a r e s h o w n i n F i g u r e k3. 
W h e n R o w e T s e x p r e s s i o n w a s u s e d t o o b t a i n t h e v a l u e o f 0 f o r t h e C h a t t a ­
h o o c h e e s a n d i t i s f o u n d t h a t t h e v a l u e o f 0 f o r s a n d t e s t e d u n d e r p l a n e 
s t r a i n c o n d i t i o n s i s a l w a y s h i g h e r t h a n 0 f o r s a n d t e s t e d u n d e r t h e c o n d i ­
t i o n o f a x i a l s y m m e t r y . T h e r e f o r e , n o u n i q u e v a l u e o f 0 w a s o b t a i n e d i n 
c o n t r a s t t o R o w e T s h y p o t h e s i s . T h e d i s a g r e e m e n t b e t w e e n t h e e x p e r i m e n t a l 
r e s u l t s a n d t h e v a l u e s d e t e r m i n e d f r o m R o w e T s m a y p o s s i b l y b e a t t r i b u t e d t o 
h i s a s s u m p t i o n t h a t t h e p r i n c i p a l o f m i n i m u m e n e r g y i s v a l i d f o r f r i c t i o n a l 
d i s c r e t e s o l i d s s u c h a s s a n d . 
T h e M o h r e n v e l o p e s f o r p l a n e s t r a i n a n d t r i a x i a l t e s t s i n t e r m s o f 
e f f e c t i v e s t r e s s a r e s h o w n i n F i g u r e s kk a n d ^5 , r e s p e c t i v e l y . T h e r e s u l t s 
s h o w t h a t t h e M o h r e n v e l o p e s f o r b o t h t y p e s o f t e s t a r e n o t s t r a i g h t l i n e s . 
T h e c u r v a t u r e i n c r e a s e s w i t h t h e d e c r e a s e o f t h e c o n s o l i d a t i o n p r e s s u r e . 
C o n s i d e r i n g t h e f i n a l p o r t i o n o f t h e M o h r e n v e l o p e t o b e a s t r a i g h t l i n e , 
t h e p l o t s s h o w t h a t t h e a n g l e 0 f o r p l a n e s t r a i n t e s t s i s h i g h e r t h a n t h a t 
f o r t r i a x i a l c o m p r e s s i o n t e s t s . T h e d i f f e r e n c e i n 0 i s a b o u t k d e g . f o r 
d e n s e s a n d a n d 1^ d e g . f o r l o o s e s a n d . T h e s h a p e o f M o h r e n v e l o p e o b t a i n e d 
f r o m t r i a x i a l i n t h i s t e s t i s i n g e n e r a l a g r e e m e n t w i t h t h o s e o b t a i n e d b y 
V e s i c (37) a n d C l o u g h (21) w h e n C h a t t a h o o c h e e s a n d w a s u s e d . H o w e v e r , a s 
3 8 
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f a r a s i s k n o w n t h e r e a r e n o p u b l i s h e d d a t a o n t h e e f f e c t o f t h e c o n f i n i n g 
p r e s s u r e o n t h e a n g l e o f i n t e r n a l f r i c t i o n o f s a n d w h e n t e s t e d u n d e r p l a n e 
s t r a i n c o n d i t i o n s . 
T h e d i f f e r e n c e i n t h e v a l u e o f 0 m a y e x p l a i n t h e d i s c r e p a n c i e s 
b e t w e e n t h e o r e t i c a l r e s u l t s a n d a c t u a l m o d e l t e s t i n g . A m o n g t h e s e p r o b l e m s 
i s t h a t o f b e a r i n g c a p a c i t y i n w h i c h t h e t h e o r e t i c a l s o l u t i o n i s b a s e d o n 
t h e a n g l e o f f r i c t i o n . f r o m t r i a x i a l t e s t s w h i l e t h e a c t u a l p r o b l e m m a y b e 
a p p r o x i m a t e d b y p l a n e s t r a i n c o n d i t i o n s . T h e d i f f e r e n c e i n t h e v a l u e o f 
b e a r i n g c a p a c i t y o b t a i n e d b y u s i n g t h e a n g l e o f s h e a r i n g r e s i s t a n c e o f 
p l a n e s t r a i n t e s t r a t h e r t h a n t r i a x i a l c o m p r e s s i o n t e s t c a n b e i l l u s t r a t e d 
i n t h e f o l l o w i n g e x a m p l e . 
E x a m p l e 2 ; C a l c u l a t e t h e b e a r i n g c a p a c i t y o f a c o n t i n u o u s s t r i p 
f o o t i n g , s h o w n i n F i g u r e k69 r e s t i n g o n t h i c k l a y e r o f d e n s e s a n d . T h e 
p h y s i c a l p r o p e r t i e s o f t h e s a n d a r e s i m i l a r t o t h o s e o f C h a t t a h o o c h e e R i v e r 
s a n d . 
S o l u t i o n : 
. 
I \ i 
1 \ 1 
1 \ i 
1 \ 1 
1 \ ' 
1 v 1 
i \ 1 
\ 1 
1 \ 1 
J \ l 
i 
.1 B 
P i . I - J 
F i g u r e k6* I l l u s t r a t i v e E x a m p l e 2 
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S i n c e t h e v a l u e o f cr^ i s n o t k n o w n , t h e s l o p e o f s t r a i g h t p o r t i o n o f M o h r 
e n v e l o p e , s h o w n i n F i g u r e kk (0 ^ 33°), c a n b e u s e d a s a f i r s t a p p r o x i m a t i o n . 
T h e b e a r i n g c a p a c i t y , i s g i v e n b y : 
% = h B \ 
w h e r e y = u n i t w e i g h t o f s o i l 
B = w i d t h o f t h e f o o t i n g . 
A s s u m i n g a s t r a i g h t r u p t u r e l i n e ( t h e c h o i c e o f t h e b e a r i n g c a p a c i t y t h e o r y 
i s n o t i m p o r t a n t i n t h i s d i s c u s s i o n ) , t h e n 
. 5 . 
N = t a n a Y 
w h e r e oi = *+5 + $? 
a *M + | = + 16.5 = 61.5 
N = 21.188 
• ••' y ' 
q = I H = i 2 2 3c 21.88 = 1059-1- p s f 
u o 2 y 2 
o3 = | - i | 2 x 1.8*0.7 = 92.08 p s f = 0.6k p s i 
S i n c e t h e v a l u e o f i s v e r y s m a l l , t h e s t r a i g h t p o r t i o n o f t h e e n v e l o p e s 
c l o s e t o t h e o r i g i n o f F i g u r e s kk a n d k$ c a n b e u s e d t o o b t a i n t h e v a l u e o f 
0, 
0 f o r p l a n e s t r a i n t e s t = k3° 
0 f o r t r i a x i a l t e s t = 39° 
T h e b e a r i n g c a p a c i t y c a l c u l a t e d i n t e r m s o f p l a n e s t r a i n 0 i s 
10k 
^ = f. t a n 5 (h5 + | ) = 1 0 0 2 x 6 ( t a n 66 .5 ) 5 = 300 x 6U.3U = 19302 p s f 
T h e " b e a r i n g c a p a c i t y c a l c u l a t e d i n t e r m s o f t r i a x i a l 0 i s 
& t a n 5 (l)5 + f ) » 1 0 ° 2 X 6 ( t a n 6U.5) 5 = 300 x 1+0.50 = 12150 p s f 
qj. " 12150 
I n c o n c l u s i o n , t h e i n c r e a s e i n t h e a n g l e o f s h e a r i n g r e s i s t a n c e b y h° i n ­
c r e a s e s t h e b e a r i n g c a p a c i t y b y m o r e t h a n 50 p e r c e n t . 
V o l u m e C h a n g e D u r i n g S h e a r 
D u r i n g t h e s h e a r s t a g e t h e c h a n g e i n v o l u m e o f t h e s a n d w a s m e a s u r e d 
b y t h e a m o u n t o f w a t e r e x p e l l e d f r o m t h e s p e c i m e n . T h e p e r c e n t a g e c h a n g e 
i n v o l u m e w a s - p r e s e n t e d a s t h e r a t i o o f t h e c h a n g e i n t h e v o l u m e t o t h e 
v o l u m e a t t h e b e g i n n i n g o f t h e s h e a r s t a g e . ! £ h i s d i m e n s i o n l e s s r a t i o , , 
i s t e r m e d v o l u m e t r i c s t r a i n . T h e v o l u m e t r i c s t r a i n i s c o n s i d e r e d h e r e t o 
b e n e g a t i v e w h e n t h e s a n d d e c r e a s e s i n v o l u m e a n d p o s i t i v e w h e n t h e s a n d 
e x p a n d s . T y p i c a l v o l u m e t r i c s t r a i n v e r s u s a x i a l s t r a i n r e l a t i o n s i s s h o w n 
i n F i g u r e 21 . T h e v o l u m e t r i c s t r a i n i s c o m p o s e d o f c o m p o n e n t s , t h a t d u e 
t o r e o r i e n t a t i o n o f t h e g r a i n s , t h a t d u e t o d i s t o r t i o n o f t h e g r a i n s , t h a t 
d u e t o c r u s h i n g o f t h e g r a i n s , a n d t h a t d u e t o t h e s h e a r i n g o f t h e s o i l m a s s . 
T h e s e s t r a i n c o m p o n e n t s a r e i n f l u e n c e d b y t w o s t r e s s c o m p o n e n t s , t h e i s o ­
t r o p i c s t r e s s a n d t h e s h e a r s t r e s s . T h e i s o t r o p i c s t r e s s a l w a y s c a u s e s a 
d e c r e a s e i n t h e v o l u m e o f t h e s a n d . T h e e f f e c t o f c o n f i n i n g p r e s s u r e o n 
v o l u m e t r i c c h a n g e i n t h e c o n v e n t i o n a l t r i a x i a l s h e a r w a s s t u d i e d b y C l o u g h (22) 
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a n d t h e r e s u l t s a r e p r e s e n t e d i n F i g u r e 1+7 • T h i s f i g u r e s s h o w s t h a t t h e 
v o l u m e c h a n g e s t a r t s i m m e d i a t e l y a f t e r a p p l y i n g t h e l o a d . I n i t i a l l y t h e 
r a t e o f v o l u m e c h a n g e i n l o o s e s p e c i m e n s i s h i g h e r t h a n i n d e n s e s p e c i m e n s . 
A s t h e c o n f i n i n g p r e s s u r e i s i n c r e a s e d t h e r a t e o f v o l u m e c h a n g e f o r d e n s e 
a n d l o o s e s p e c i m e n s c o m e s c l o s e t o g e t h e r u n t i l i t i s . a p p r o x i m a t e l y t h e s a m e . 
A n i n c r e a s e o f t h e c o n f i n i n g p r e s s u r e i s a l w a y s a s s o c i a t e d w i t h c r u s h i n g 
o f t h e g r a i n s . A t l o w c o n f i n i n g p r e s s u r e s t h e c r u s h i n g o f g r a i n s h a s 
n e g l i g i b l e e f f e c t o n v o l u m e c h a n g e b u t a t h i g h p r e s s u r e s t h e r e c a n b e a 
c o n s i d e r a b l e v o l u m e c h a n g e r e s u l t i n g f r o m t h e c r u s h i n g o f g r a i n s . 
G r a i n s i z e d i s t r i b u t i o n o f C h a t t a h o o c h e e R i v e r s a n d b e f o r e t e s t i n g 
a n d a f t e r s h e a r i n g a t 1 1 0 p s i c o n f i n i n g p r e s s u r e i s s h o w n i n F i g u r e 1 7 . 
T h e c u r v e s s h o w t h a t s p m e b r e a k d o w n o f p a r t i c l e s t o o k p l a c e d u r i n g t h e t e s t ; 
h o w e v e r , t h e e f f e c t o n t h e g e n e r a l p h y s i c a l p r o p e r t i e s o f s a n d m a y b e n e g ­
l e c t e d b e c a u s e t h e g r a i n s i z e d i s t r i b u t i o n b e f o r e a n d a f t e r t h e t e s t i s 
a l m o s t t h e s a m e . T h e c h a n g e i n v o l u m e a s s o c i a t e d w i t h s h e a r s t r e s s e s c a n 
b e e i t h e r p o s i t i v e o r n e g a t i v e , d e p e n d i n g o n w h e t h e r t h e s p e c i m e n v o l u m e 
i n c r e a s e s o r d e c r e a s e s d u r i n g s h e a r . D e n s e s a n d g e n e r a l l y e x h i b i t s a n i n ­
c r e a s e i n v o l u m e d u r i n g s h e a r a t l o w c o n f i n i n g p r e s s u r e s , w h i l e l o o s e s a n d 
t e n d s t o d e c r e a s e i n v o l u m e . T h e r e f o r e , t h e n e t v o l u m e c h a n g e i n s a n d i s 
a c o m b i n a t i o n o f t h e v o l u m e c h a n g e c a u s e d b y i s o t r o p i c s t r e s s , s h e a r i n g 
s t r e s s , a n d r e o r i e n t a t i o n o f t h e g r a i n s . T h e n e t v o l u m e c h a n g e i n l o o s e 
s a n d a t f a i l u r e i s a l w a y s n e g a t i v e s i n c e t h e c o m p o n e n t s o f v o l u m e c h a n g e 
c a u s e a d e c r e a s e i n t h e v o l u m e . I n d e n s e s a n d t h e v o l u m e c h a n g e m a y b e 
p o s i t i v e o n l y w h e n t h e i n c r e a s e o f v o l u m e d u e t o s h e a r s t r e s s e s i s h i g h e r 
t h a n t h e d e c r e a s e o f v o l u m e d u e t o i s o t r o p i c s t r e s s . 
F i g u r e s hQ a n d s h o w t h e e x p e r i m e n t a l r e s u l t s b e t w e e n t h e v o i d 
4 0 0 
2 
F i g u r e 1+7. R e l a t i o n s h i p B e t w e e n t h e C o n f i n i n g P r e s s u r e a n d 




F i g u r e U8. R e l a t i o n s h i p B e t w e e n V o i d R a t i o a t t h e E n d o f 
C o n s o l i d a t i o n a n d V o l u m e t r i c S t r a i n a t F a i l u r e 
i n T r i a x i a l T e s t 
F i g u r e 1+9. R e l a t i o n s h i p B e t w e e n e ^ a n d . ( — Jf i n P l a n e S t r a i n T e s t 
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r a t i o a t t h e e n d o f c o n s o l i d a t i o n a n d v o l u m e t r i c s t r a i n a t f a i l u r e f o r a 
c o n s o l i d a t i o n p r e s s u r e o f 70 p s i . A l t h o u g h t h e s c a t t e r o f t h e r e s u l t s m a k e s 
i t d i f f i c u l t t o d e f i n e t h e r e l a t i o n s h i p b e t w e e n e a n d s p , n e v e r t h e l e s s t h e 
c v 
g e n e r a l t r e n d c a n b e a p p r o x i m a t e d b y a s t r a i g h t l i n e . T h e r e s u l t s s h o w t h a t 
t h e v o l u m e c h a n g e a t f a i l u r e i s a l m o s t t h e s a m e w h e t h e r t h e s a n d w a s c o n ­
s o l i d a t e d u n d e r i s o t r o p i c c o n d i t i o n s o r K q c o n s o l i d a t i o n f o r b o t h p l a n e 
s t r a i n a n d t r i a x i a l s p e c i m e n s . T h e p o i n t a t w h i c h t h e c u r v e c o r s s e s t h e 
o r d i n a t e i s c o n s i d e r e d t o b e t h e c r i t i c a l v o i d r a t i o a t w h i c h t h e r e i s n o 
v o l u m e c h a n g e i n s a n d a t f a i l u r e . F i g u r e 50 c o m p a r e s t h e r e l a t i o n s h i p 
b e t w e e n t h e c r i t i c a l v o i d r a t i o a n d t h e c o n s o l i d a t i o n p r e s s u r e o f p l a n e 
s t r a i n a n d t r i a x i a l t e s t s . T h e g r a p h s s h o w f o r t h e r a n g e o f t h e p r e s s u r e 
u s e d t h a t t h e c r i t i c a l v o i l r a t i o s i n t r i a x i a l s p e c i m e n s a r e h i g h e r t h a n 
t h o s e o f p l a n e s t r a i n s p e c i m e n s . F i g u r e 50 s h o w s t h a t t h e r e i s a c e r t a i n 
l i m i t i n g c o n s o l i d a t i o n p r e s s u r e b e y o n d w h i c h t h e v o l u m e c h a n g e m a y a l w a y s 
b e c o m p r e s s i o n a t f a i l u r e r e g a r d l e s s o f h o w h i g h t h e d e n s i t y o f s a n d i s 
d u r i n g s h e a r . . I t i s s h o w n t h a t t h i s l i m i t i n g p r e s s u r e d e p e n d s o n t h e 
t y p e o f t e s t s p e r f o r m e d . 
F i g u r e 51 s h o w s t h e r e l a t i o n s h i p b e t w e e n t h e v o l u m e t r i c s t r a i n a t 
f a i l u r e a n d t h e c o n s o l i d a t i o n p r e s s u r e f o r a l l r a n g e s o f d e n s i t y . T h e p l o t 
s h o w s t h a t s a n d t e s t e d u n d e r t r i a x i a l c o n d i t i o n s h a s h i g h e r p o s i t i v e v o l u m e ­
t r i c s t r a i n t h a n s a n d t e s t e d u n d e r p l a n e s t r a i n c o n d i t i o n s . S i m i l a r o b ­
s e r v a t i o n w a s n o t i c e d b y G o r n f o r t h (10) a t I m p e r i a l C o l l e g e o n B r a s t e d s a n d . 
S u c h p h e n o m e n a p r e d i c t h i g h e r p o s i t i v e p p r e p r e s s u r e s i n p l a n e s t r a i n c o m ­
p a r e d w i t h t r i a x i a l s p e c i m e n s i f t h e s a n d i s s u b j e c t e d t o u n d r a i n e d c o n d i ­
t i o n s . T h i s a s s u m p t i o n w a s v e r i f i e d b y s e v e r a l c o n s o l i d a t e d u n d r a i n e d t e s t s 
i n b o t h t r i a x i a l a n d p l a n e s t r a i n a n d t h e r e s u l t s a r e s h o w n i n F i g u r e 52. 
F i g u r e 50. R e l a t i o n s h i p B e t w e e n t h e C r i t i c a l V o i d R a t i o a n d C o n s o l i d a t i o n P r e s s u r e 
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S E ^ 
F i g u r e 5 1 . R e l a t i o n s h i p B e t w e e n a t F a i l u r e a n d t h e C o n s o l i d a t i o n P r e s s u r e 
I l l 
F i g u r e 52. R e l a t i o n s h i p B e t w e e n P o r e P r e s s u r e a t F a i l u r e 
a n d t h e R e l a t i v e D e n s i t y 
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H o w e v e r , m o r e c o n s o l i d a t e d u n d r a i n e d t e s t s a r e n e e d e d o n d i f f e r e n t 
t y p e s o f s a n d t o s p e c i f i c a l l y c o n f i r m t h i s a s s u m p t i o n . 
F a i l u r e S u r f a c e 
I t c a n b e a s s u m e d t h a t t h e s t a t e o f s t r e s s a t a p o i n t o f a n e l a s t i c 
a n d i s o t r o p i c m a t e r i a l i s s y m b o l i z e d b y t h e t h r e e p r i n c i p a l e f f e c t i v e 
s t r e s s e s , o\£, o ^ , a n d o^j a s s h o w n i n F i g u r e 53. T h e s t r e s s v e c t o r a c t i n g 
o n t h e o c t a h e d r a l p l a n e c a n b e r e s o l v e d i n t o t w o c o m p o n e n t s . T h e f i r s t i s 
n o r m a l t o t h e o c t a h e d r a l p l a n e , a n d t h e s t r e s s a s s o c i a t e d w i t h i t i s t h e 
o c t a h e d r a l n o r m a l s t r e s s a n d c a n b e e x p r e s s e d i n t e r m s o f p r i n c i p a l s t r e s s e s 
a s ; 
a o c t = | K + a 2 + C 3 } * 
(32) 
J J h e s e c o n d i s a s s o c i a t e d w i t h t h e s h e a r i n g s t r e s s a c t i n g o n t h e p l a n e , i s 
c a l l e d t h e o c t a h e d r a l s h e a r i n g s t r e s s , a n d c a n b e e x p r e s s e d a s : 
T o c t 
T h u s , s t a t e o f s t r e s s c a n b e r e p r e s e n t e d i n t e r m s o f 0 ,, t , , a n d a n y r o c t • o c t 
a n g l e . 
T o f o r m u l a t e t h e s h a p e o f f a i l u r e s u r f a c e i n t h r e e - d i m e n s i o n a l s t r e s s 
s p a c e , m a n y e x p e r i m e n t a l p o i n t s w i t h d i f f e r e n t c o m b i n a t i o n s o f a ^ , cr̂ , a n d 
cx^ a t f a i l u r e a r e n e e d e d . S i n c e t h e a v a i l a b l e d a t a a r e n o t s u f f i c i e n t t o 
d e v e l o p t h e c o m p l e t e f a i l u r e s u r f a c e , t h e d a t a w i l l o n l y b e c o m p a r e d w i t h 
s o m e o f t h e e x i s t i n g t h e o r i e s o f f a i l u r e . I n o r d e r t o s i m p l i f y t h e p r e s e n ­
t a t i o n , o n l y t h e i n t e r s e c t i o n o f t h e h y p o t h e s i z e d f a i l u r e s u r f a c e s w i t h t h e 
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F i g u r e 53. S t a t e o f S t r e s s R e p r e s e n t e d i n C o o r d i n a t e S y s t e m 
o c t a h e d r a l p l a n e w i l l b e c o n s i d e r e d . T h e s i z e o f t h e f a i l u r e s u r f a c e o n 
t h e o c t a h e d r a l p l a n e d e p e n d s o n t h e v a l u e o f t h e o c t a h e d r a l n o r m a l s t r e s s . 
T h e r e f o r e , t o m a k e a v a l i d c o m p a r i s o n t h e e x p e r i m e n t a l p o i n t s s h o u l d b e 
p r o j e c t e d o n t h e s a m e o c t a h e d r a l p l a n e . I t w a s f o u n d c o n v e n i e n t t o p r o j e c t 
t h e t e s t r e s u l t s o n t o a p l a n e h a v i n g a n o c t a h e d r a l n o r m a l s t r e s s e q u a l t o 
u n i t y . T o a c c o m p l i s h t h i s o b j e c t i v e a l l t h e s t r e s s e s s h o u l d b e d i v i d e d b y 
O"oct w i t h t h e r e s u l t i n g v a l u e s t e r m e d r e d u c e d s t r e s s e s . R e f e r r i n g t o 
F i g u r e 53? "we c a n s a y t h a t a n y p o i n t P i n t h e o c t a h e d r a l p l a n e c a n b e r e ­
p r e s e n t e d i n a c y l i n d r i c a l c o o r d i n a t e s y s t e m b y r a d i u s r = OP a n d a n g l e 9 , 
w h e r e 8 i s t h e a n g l e b e t w e e n t h e r a d i u s r a n d p r o j e c t i o n o f t h e m a j o r p r i n ­
c i p a l a x i s o n t h e o c t a h e d r a l p l a n e , a s s h o w n i n F i g u r e ^h. 
Ilk 
a; 
F i g u r e 5 ^ . S t a t e o f S t r e s s i n t h e O c t a h e d r a l P l a n e 
I f w e a s s u m e t h a t ; t h e m a t e r i a l i s i s o t r o p i c , t h e n 9 c a n b e m e a s u r e d f r o m 
a n y o f t h e p r i n c i p a l s t r e s s a x e s . T h e v a l u e o f 9 c a n b e s h o w n t o b e e q u a l 
t o : 
9 = a r c t a n J*T- •—- 2 — ; , (3k) 
a n d t h e n u m e r i c a l v a l u e o f r i s e q u a l t o u u u . T h e r e f o r e , b y k n o w i n g t h e 
t , o c t 
v a l u e o f 0 a n d ^ '? t h e e x p e r i m e n t a l p o i n t s c a n b e r e a d i l y p l o t t e d i n t h e 
o c t 
t h r e a d - d i m e n s i o n a l c o o r d i n a t e s y s t e m . F o u r t e s t s w e r e s e l e c t e d f o r c o m p a r i ­
s o n , t w o t e s t s u n d e r a x i a l s y m m e t r y a n d t w o t e s t s u n d e r p l a n e s t r a i n c o n d i ­
t i o n s . I t w a s s h o w n e a r l i e r t h a t s t r e s s e s a t f a i l u r e d e p e n d o n t h e r e l a t i v e 
d e n s i t y ; t h e r e f o r e , t w o d e n s e a n d t w o l o o s e s a m p l e s h a v i n g a p p r o x i m a t e l y 
t h e s a m e r e l a t i v e d e n s i t i e s , r e s p e c t i v e l y , w e r e s e l e c t e d f r o m t h e 70 p s i 
s e r i e s . D u e t o t h e s c a t t e r o f t h e r e s u l t s , t h e s e l e c t i o n o f t h e s a m p l e s 
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w a s b a s e d o n F i g u r e 55 } w h i c h s h e w s t h e r e l a t i o n s h i p b e t w e e n t h e r a t i o o f 
OO t 
•*——> a t f a i l u r e a n d t h e r e l a t i v e d e n s i t y D f o r s a n d t e s t e d u n d e r a x i a l a . r 
o c t 
s y m m e t r y a n d p l a n e s t r a i n c o n d i t i o n s . T h e m e t h o d o f l e a s t s q u a r e s w a s u s e d 
I o c t i 
t o o b t a i n t h e s t r a i g h t l i n e r e l a t i o n s h i p ! L a n d t h e r e l a t i v e d e n s i t y 
l ^ o c t ' 
D ^ . T h e s u m m a r y o f t h e c a l c u l a t i o n s f o r p r e s e n t a t i o n o n t h e o c t a h e d r a l 
p l a n e i s s h o w n i n T a b l e k. 
T h e g r a p h i c a l r e p r e s e n t a t i o n o f t h e f a i l u r e p o i n t o n t h e o c t a h e d r a l 
p l a n e i s s h o w n i n F i g u r e 56. I t w a s f o u n d t h a t t h e p l a n e s t r a i n d a t a a r e 
b e t w e e n t h e M o h r - C o u l o m b a n d T r e s c a t h e o r e t i c a l s u r f a c e s , a l t h o u g h s l i g h t l y 
c l o s e r t o t h e T r e s c a h y p o t h e s i s . 
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T a b l e h. S u m m a r y o f t h e D a t a U s e d i n R e p r e s e n t i n g 
t h e F a i l u r e P o i n t s o n t h e O c t a h e d r a l P l a n e 
T e s t N o . T C - 7 T O - 8 P S - 1 7 P C I - 4 
224.62 282.91 21+3.98 320,98 
70.0 71.00 117.68 1 2 7 . 1 1 
71.00 70.40 69.70 
31.65° 36.78° 33.51 40.0 
°1 
Q2 




0.875 0.379 O - 8 8 0 
o c t 0.5995 0.7050 0.5090 0.62282 
o c t 
0 0 15.85° 13.33° 
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F i g u r e 56. R e p r e s e n t a t i o n o f F a i l u r e P o i n t s o n t h e O c t a h e d r a l 
P l a n e a t a . = 70 p s i 
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C H A P T E R V I I 
C O N C L U S I O N S 
T h e t w o m a i n o b j e c t i v e s o f t h i s t h e s i s w e r e a s f o l l o w s : 
( a ) T o d e v e l o p a n a p p a r a t u s f o r t e s t i n g s o i l s u n d e r p l a n e s t r a i n 
c o n d i t i o n s a t h i g h p r e s s u r e . 
( b ) T o i n v e s t i g a t e t h e b e h a v i o r o f s a n d t e s t e d u n d e r p l a n e s t r a i n 
c o n d i t i o n s a n d e l e v a t e d p r e s s u r e a n d t o c o m p a r e i t w i t h t h a t o f s a n d t e s t e d 
i n t h e c o n v e n t i o n a l t r i a x i a l a p p a r a t u s . 
A s a r e s u l t o f t h e i n v e s t i g a t i o n t h e f o l l o w i n g c o n c l u s i o n s m a y b e 
s t a t e d : 
1 . T h e v a l u e o f K q i s i n v e r s e l y p r o p o r t i o n a l t o t h e r e l a t i v e d e n ­
s i t y o f S a n d , b u t i t i s i n d e p e n d e n t o f t h e c o n s o l i d a t i o n p r e s s u r e u s e d . 
T y p i c a l v a l u e s o f K Q a r e 0 . U 2 f o r d e n s e s a n d a n d 0 . ^ 1 f o r l o o s e s a n d . T h e 
r e s u l t s a r e i n g o o d a g r e e m e n t w i t h t h o s e o f W a d e ( 1 2 ) a n d T e r z a g h i ( l 6 ) , 
w h i l e t h e r e l a t i o n s h i p K Q = 1 - s i n 0' a s s u g g e s t e d b y J a k y ( 2 0 ) u n d e r ­
e s t i m a t e s t h e v a l u e o f K . T h e v a l u e s o f K o b t a i n e d h e r e i n a r e h i g h e r 
o o . 
t h a n t h a t o f H e n d r o n ( 2 0 ) a t t h e U n i v e r s i t y o f I l l i n o i s . 
2 . T h e v a l u e o f P o i s s o n ' s r a t i o a s c a l c u l a t e d f r o m t h e v a l u e o f 
K i s a l m o s t t h e s a m e f o r d e n s e a n d l o o s e , a n d h a s a n a v e r a g e v a l u e o f 0 . 3 1 . o 
3 - T h e i n i t i a l t a n g e n t m o d u l u s o f e l a s t i c i t y f o r s a n d t e s t e d i n t h e 
t r i a x i a l a p p a r a t u s i s h i g h e r t h a n t h a t o b t a i n e d f o r p l a n e s t r a i n s p e c i m e n s 
w i t h t h e s a m e p l a c e m e n t d e n s i t y a n d c o n s o l i d a t i o n p r e s s u r e . 
U . T h e m o d u l u s o f d e f o r m a t i o n o f s a n d c a n n o t b e e x p r e s s e d b y s i n g l e 
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v a l u e b u t c a n b e r e l a t e d e m p i r i c a l l y t o t h e r e l a t i v e d e n s i t y a n d c o n s o l i d a ­
t i o n p r e s s u r e . T h e e x p o n e n t i a l r e l a t i o n s h i p b e t w e e n t h e m o d u l u s o f d e f o r ­
m a t i o n a n d t h e c o n s o l i d a t i o n p r e s s u r e i n t h i s i n v e s t i g a t i o n i s s i m i l a r t o 
t h a t f o u n d b y S o w e r s (27) o n o t h e r t y p e s o f s a n d . 
5. T h e r a t i o —r a n d —7 rrr a t f a i l u r e f o r t h e s a n d t e s t e d w e r e 
CT1 a l + a 3 
i n v e r s e l y p r o p o r t i o n a l t o t h e r e l a t i v e d e n s i t y , b u t w e r e n o t g r e a t l y 
a f f e c t e d b y t h e c o n s o l i d a t i o n p r e s s u r e . T h e v a l u e o f —r f o r d e n s e s a n d i s 
1 GTg 
e q u a l t o 0.39 a n d f o r l o o s e s a n d i s -0.U8, T y p i c a l v a l u e s o f ••/ " • / a r e 
a l + 3 
0.33 f o r d e n s e s a n d a n d 0.37 f o r l o o s e s a n d . 
6. T h e r a t i o o f -r a t f a i l u r e a p p r o x i m a t e s t h e v a l u e o f K f o r l o o s e 
1 ° 2 
s a n d a n d t h e r a t i o o f —7 -r a t f a i l u r e a p p r o x i m a t e s t h e v a l u e o f 
°"l + a 3 
P o i s s o n ' s r a t i o f o r d e n s e s a n d . 
7. T h e m e t h o d o f c o n s o l i d a t i o n d o e s n o t a f f e c t t h e v a l u e o f t h e 
a n g l e o f i n t e r n a l f r i c t i o n f o r e i t h e r p l a n e s t r a i n o r t r i a x i a l s p e c i m e n s . 
8. I f t h e c o h e s i o n i n t e r c e p t o n t h e M o h r d i a g r a m i s a s s u m e d t o b e 
? e r o , t h e v a l u e o f t h e a n g l e o f i n t e r n a l f r i c t i o n i s 3^ d e g r e e s h i g h e r i n 
p l a n e s t r a i n t h a n i n t r i a x i a l t e s t f o r d e n s e s a n d , a n d 1 d e g r e e f o r l o o s e 
s a n d . T h e r e s u l t s o f t h i s i n v e s t i g a t i o n a r e i n g o o d a g r e e m e n t w i t h t h e 
t e s t r e s u l t s c a r r i e d o u t a t I m p e r i a l C o l l e g e b y C o r n f o r t h (10) o n B r a s t e d 
s a n d a n d W a d e (12) o n B e l g i u m s a n d . 
9* T h e a n g l e o f i n t e r n a l f r i c t i o n f o r d e n s e s a n d d e c r e a s e s a b o u t 
U-§- d e g r e e s w i t h a n i n c r e a s e i n c o n s o l i d a t i o n p r e s s u r e o f 70 p s i t o 285 p s i , 
b u t i t r e m a i n s a l m o s t u n c h a n g e d f o r l o o s e s a n d o v e r t h e s a m e r a n g e o f 
p r e s s u r e . 
10. T h e f a i l u r e s t r a i n f o r s a n d t e s t e d i n t h e t r i a x i a l a p p a r a t u s 
s i s h i g h e r t h a n t h a t u n d e r p l a n e s t r a i n c o n d i t i o n s w i t h t h e s a m e p l a c i n g 
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d e n s i t y a n d c o n s o l i d a t i o n p r e s s u r e . T h e r e s u l t s o f t h i s i n v e s t i g a t i o n a r e 
i n g e n e r a l a g r e e m e n t w i t h t h e t e s t d a t a o f C o r n f o r t h (10) a n d W a d e (12) 
c o n d u c t e d a t l o w e r p r e s s u r e . 
1 1 . T h e v o l u m e t r i c s t r a i n a t f a i l u r e i n p l a n e s t r a i n s p e c i m e n s i s 
l o w e r t h a n t h a t o f s p e c i m e n s t e s t e d i n t r i a x i a l a p p a r a t u s u n d e r t h e s a m e 
c o n d i t i o n o f p l a c e m e n t d e n s i t y a n d c o n s o l i d a t i o n p r e s s u r e . M o r e w o r k n e e d s 
t o h e d o n e o n o t h e r t y p e s o f s a n d t o c o n f i r m t h i s f i n d i n g . 
12 . W h e n t h e e x p e r i m e n t a l d a t a a r e p l o t t e d i n p r i n c i p a l s t r e s s 
s p a c e t h e r e s u l t s s h o w t h a t t h e f a i l u r e p o i n t s f o r p l a n e s t r a i n t e s t e d f e l l 
b e t w e e n M o h r a n d T r e s c a f a i l u r e s u r f a c e s . 
13- I t i s c o n c l u d e d t h a t M o h r t h e o r y m a y b e u s e d t o p r o v i d e a 
s a t i s f a c t o r y a p p r o x i m a t i o n i n r e p r e s e n t i n g t h e f a i l u r e o f s a n d . T h e r a t i o 
o f t h e e x p e r i m e n t a l v a l u e o f — — a t f a i l u r e t o t h a t p r e d i c t e d b y M o h r 
o c t 
t h e o r y f o r d e n s e s a n d a n d l o o s e s a n d a r e 1 .1 a n d 1 . 1 5 , r e s p e c t i v e l y . 
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C H A P T E R V I I I 
R E C O M M E N D A T I O N S F O R F U R T H E R S T U D I 
T h e n e w a p p a r a t u s s h o w s t h a t t h e r e a l b e h a v i o r o f s a n d r e g a r d i n g 
s t r e s s - s t r a i n r e l a t i o n s h i p , v o l u m e c h a n g e , a n d s t r e n g t h c h a r a c t e r i s t i c s 
c a n b e d e t e r m i n e d a c c u r a t e l y . S i n c e t h e a p p a r a t u s u s e d i n t h i s s t u d y i s 
n e w , g e n e r a l c o n c l u s i o n s r e g a r d i n g t h e b e h a v i o r o f c o h e s i o n l e s s s o i l u n d e r 
p l a n e s t r a i n c o n d i t i o n c a n n o t b e m a d e w i t h o u t a d d i t i o n a l s t u d y u t i l i z i n g 
o t h e r s a n d s . 
T h e c u r r e n t s t u d y r a i s e s m a n y q u e s t i o n s s t i l l u n a n s w e r e d , a n d f u r ­
t h e r t e s t i n g c o n c e r n i n g t h e f u n d a m e n t a l b e h a v i o r o f s o i l u n d e r p l a n e s t r a i n 
c o n d i t i o n s i s n e e d e d . T h e f o l l o w i n g i s a s u m m a r y o f r e c o m m e n d a t i o n s f o r 
f u r t h e r s t u d y . 
( a ) T o f u r t h e r s t u d y t h e b e h a v i o r o f s o i l u n d e r p l a n e s t r a i n c o n ­
d i t i o n w i t h e m p h a s i s o n t h e f o l l o w i n g : 
1 . A n e x t e n s i o n o f t h e c u r r e n t s t u d y b y u s i n g c o n s o l i d a t i o n p r e s ­
s u r e h i g h e r t h a n t h e o n e u s e d i n t h i s i n v e s t i g a t i o n . 
2. T o t e s t o t h e r t y p e s o f c o h e s i o n l e s s s o i l a n d c o m p a r e t h e r e s u l t s 
w i t h t h o s e a l r e a d y k n o w n . 
3 . T o s t u d y t h e s t r e n g t h c h a r a c t e r i s t i c s o f c o h e s i v e s o i l u n d e r 
h i g h c o n s o l i d a t i o n p r e s s u r e . 
U . T o s t u d y t h e b e h a v i o r o f c o h e s i v e a n d c o h e s i o n l e s s s o i l u n d e r 
d y n a m i c l o a d i n g . 
5 . T o m a k e a c o m p r e h e n s i v e s t u d y o f t h e c o n s o l i d a t e d u n d r a i n e d 
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e o h e s i o n l e s s s o i l a n d c o m p a r e t h e r e s u l t s w i t h t h o s e o b t a i n e d f r o m t h e 
c o n v e n t i o n a l t r i a x i a l t e s t . 
6. T o s t u d y t h e e f f e c t o f s p e c i m e n s i z e a n d l e n g t h t o w i d t h r a t i o 
o n t h e s t r e n g t h p a r a m e t e r o f s o i l . 
( b ) T o s t u d y t h e e f f e c t o f r o t a t i n g t h e p r i n c i p a l a x i s o n t h e s h e a r 
s t r e n g t h c h a r a c t e r i s t i c s o f c o h e s i o n l e s s s o i l . 
( c ) T o s t u d y t h e i n f l u e n c e o f t h e i n t e r m e d i a t e p r i n c i p a l s t r e s s o n 
s h e a r s t r e n g t h o f s a n d u n d e r h i g h c o n f i n i n g p r e s s u r e . 
A P P E N D I X I 
T E S T D A T A 
T a b l e 5. S u m m a r y o f P l a n e S t r a i n T e s t s o n C h a t t a h o o c h e e S a n d C o n s o l i d a t e d . - U n d e r • K C o n d i t i o n 
T e s t 
N o . 
P S - 5 
P S - 6 
P S - 7 
P S - 8 
P S - 9 
P S - 1 0 
P S - 1 1 
P S - 1 2 
P S - 1 3 
P S - l 4 
P S - 1 5 
P S - 1 6 
P S - 1 7 
P S - 1 8 
P S - . 1 9 
PS -20 
P S - 2 1 
I n i t i a l 
P r o p e r t y E n d o f C o n s o l i d a t i o n P e a k D e v i a t o r i c S t r e s s 


































51900 0.83200 0.684 
.68600 0.74900 0.829 
.89700 o.644oo 0.969 
.81500 0.68500 0.909 
.83300 0.67600 0.952 
.84900 0.66800 0.925 
75400 0.71500 0.891 
























































































































































































































































































T a b l e 6. S u m m a r y o f P l a n e S t r a i n T e s t s o n C h a t t a h o o c h e e S a n d C o n s o l i d a t e d U n d e r I s o t r o p i c C o n d i t i o n 
T e s t 
N o . 
P S I - 1 
P S I - 2 
P S I - 3 
P S I - 4 
P S I - 5 
P S I - 6 
P S I - 7 
P S I - 1 1 
P S I - 1 2 
P S I - 1 3 
P S I - 1 4 
P S I - 1 5 
P S I - 1 6 
P S I - 1 7 
P S I - 1 8 
P S I - 1 9 
P S I - 2 0 
P S I - 2 1 
P S I - 2 3 
P S I - 2 4 
P S I - 2 9 
P S I - 3 0 
P S I - 3 1 
P S I - 3 2 
P S I - 3 4 
P S I - 3 5 
I n i t i a l 
P r o p e r t y - E n d o f C o n s o l i d a t i o n P e a k D e v i a t o r i c S t r e s s 
•D K 0 
0.6197 
0.7384 

















































































































































































































































































































T a b l e 6. ( C o n t i n u e d ) 
T e s t 
H o . 
I n i t i a l 
P r o p e r t y E n d o f C o n s o l i d a t i o n 
D D 
P S I - 3 6 0.50833 0.83736 0.669 313.93 298.66 286.0 
P S I - 3 7 0.6299 0.7769 0.794 317.04 298.10 286.0 
P S I - 3 8 0.41980 0.88136 0.6l4 328.00 297.66 285 .OO 
P S l - 3 9 0.41529 0.8836 0.6l4 317.29 284.50 284.50 
K 










281.0 33.55 16,30 
286.0 34.0667 20.06 
285.O 32.64167 18.83 
284.50 32.7750 18.94 
N o t e : S t r e s s e s e x p r e s s e d i n p o u n d p e r s q u a r e i n c h 
T a b l e 7. S u m m a r y o f T r i a x i a l C o m p r e s s i o n T e s t s o n C h a t t a h o o c h e e S a n d C o n s o l i d a t e d U n d e r K C o n d i t i o n 
o 
T e s t 
N o . 
I n i t i a l 














T C 8 
T C - 1 1 
T C - 1 2 
T C - 1 3 
T C - l 4 
T C - 1 5 
T C - 1 6 
T C - 1 7 






























































O . 561 
O.785 
0.8273 O.708 















































°3 K 0 
0' 
1, . 4 'I 0. lo V
 / o 
70.0 0.472 240.72 70.0 70.0 33.32750 11 .75 -2.53 
70.0 0.490 234.18 70.5 70.5 32.53722 13.6 -3.16 
70.0 0.419 265.28 70.5 70.5 35.46166 6.03 +0.1 
70.0 0.452 248.18 70.0 70.0 34.10000 7.13 -0.39 
70.0 0.478 248.90 70.5 70.5 33.95600 7.25 -0.48 
70.0 0.430 262.50 70.0 70.0 35.38833 6.59 +0.75 
70.0 0.366 253.96 70.0 70.0 34.60000 6.77 +0.26 
70.0 0.470 255.96 70.0 70.0 33.10000 7.60 +0.03 
70.0 0.563 230.68 70.0 70.0 32.30250 9.89 -5.77 
70.0 0.455 218.58 70.0 70.0 30.98833 8.84 - 1 . 1 7 
70.0 0.496 223.10 70.0 70.0 31.49000 9.79 -1.95 
70.0 0.543 224.62 70.0 70.0 31.65333 13.24 -4.07 
70.0 0.478 282.91 71.0 71.0 36.78333 0.660 +O .03 
110.0 0.493 345.94 110.0 110.0 31.1666 12.22 -4.62 
110.0 0.446 382.69 110.0 110.0 33.6000 9.00 -2.29 
110.0 0.516 340.61 110.0 110.0 30.7834 1 1 . 3 1 -3.28 
110.0 0.464 379.00 110.0 110.0 33.37000 10.69 -2.67 
110.0 o.48o 398.43 110.0 110.0 34.5634 9.27 -1.03 
110.0 0.488 333.18 110.0 110.0 30.3583 11.80 -4.61 
110.0 0.519 334.45 110.0 110.0 30.3250 12.55 -4.95 
110.0 0.506 426.28 110.0 110.0 36.1333 9.30 -1 .22 
N o t e : S t r e s s e s e x p r e s s e d i n p o u n d p e r s q u a r e i n c h 
T a b l e 8. S u m m a r y o f T r i a x i a l C o m p r e s s i o n T e s t s o n C h a t t a h o o c h e e S a n d 
C o n s o l i d a t e d U n d e r I s o t r o p i c C o n d i t i o n 
T e s t 
N o . 
I C - 1 
I C - 2 
IC-3 
ic-4 
I C - 5 
IC-6 
IC-T 
I C 1-1 
I n i t i a l 
P r o p e r t y 
E n d o f C o n s o l i d a t i o n P e a k D e v i a t o r i c S t r e s s 












I C - 1 1 
I C - 1 2 
I C - 1 3 
IC-l4 
I C - 1 5 
I C - 1 6 
I C - 1 7 
I T C - 1 
I T C - 2 
I T C - 3 
























































































































































ai CT2 °3 H> 1 
284.72 70.0 70.0 37.2500 9.49 -0.49 
234.72 70.0 70.0 32.6000 9.51 -2.63 
290.14 7O.O 70.0 37.6833 7.50 +1.0.1 
237.70 70.0 70.0 33.0250 12.18 -1.87 
235.90 70.0 70.0 32.8416 14.5 -2.9 
292.49 70.0 70.0 37.8667 7.42 + .59 
292.59 70.0 70.0 37.8716 9.49 - .55 
276.57 70.50 70.50 36.4250 12.58 - .78 
255.34 70.50 70.50 34.5617 10.42 -1.48 
229.26 70.50 70.50 31.9800 12.62 -4.0 
233.I8 70.50 70.50 32.3900 14.00 -3.69 
266.45 71.00 71.00 35.3950 8.16 -0.69 
264.12 70.0 70.0 35.5167 8.98 -0.84 
282.83 70.0 70.0 37.1000 7 . 1 +0.55 
373.99 110.0 110.0 33 12.9 -2.35 
372.16 110.0 110.0 33.2 0.43 - 1 . 1 5 
353.25 110.0 110.0 31.8 10.21 -1.95 
347.99 110.0 110.0 31.3 11.68 -2.64 
337.50 110.0 110.0 30.5 12.89 -3.87 
422.91 110.0 110.0 36.0 9.30 -0.21 
4 n . o 8 110.0 110.0 35.3 7.77 -0.38 
945 275 275 33.31 18.2 
980 289 289 33.00 20.3 
921.41 279 279 32.40 18.1 
995 288 288 33.45 18 
T a b l e 8. ( C o n t i n u e d ) 
T e s t 
W o . 
I n i t i a l 
P r o p e r t y E n d o f C o n s o l i d a t i o n 
D D 
I T C - 5 O .9818 0.602 1.066 286.21 285 .OO 285 .OO 
I T C - 6 0.7153 0.7345 0.791 324.57 284.00 284.00 
I T C - 7 0.5463 0.81848 0.695 342.92 288.00 288.00 
I T C - 8 0.54125 0.812 O.67O 372.74 294.00 294.00 
I T C - 9 0.5942 0.7947 0.677 347.31 292.00 292.00 
P e a k D e v i a t o r i c S t r e s s 
«2 ' 3 0 «x 1o '•• 
950 286 286 32.50 19 
992.23 286.5 286.5 33.50 (14.57) 
925 287.0 287.0 31.73 20 
905 292 292 30.80 21 
921.51 297 297 30.85 15.68 
A V 
V 
N o t e : S t r e s s e s e x p r e s s e d i n p o u n d p e r s q u a r e i n c h 
A P P E N D I X I I 
S U P P L E M E N T A R Y T E S T , C A L I B R A T I O N C H A R T S F O R L O A D C E L L S , 
A N D E V A L U A T I O N O F E N D P L A T E F R I C T I O N 
132 
E v a l u a t i o n o f t h e C o e f f i c i e n t o f F r i c t i o n 
P r i o r t o t h e d e s i g n o f t h e p l a n e s t r a i n a p p a r a t u s , s e v e r a l t e s t s 
w e r e p e r f o r m e d t o o b t a i n t h e m i n i m u m c o e f f i c i e n t o f f r i c t i o n b e t w e e n t h e 
s a n d u s e d i n t h e t e s t a n d d i f f e r e n t m a t e r i a l s . A m o n g t h e m a t e r i a l s u s e d 
w e r e b r a s s , a l u m i n u m , l u c i t e , c h r o m i u m , a n d s t e e l . 
T h e d i r e c t s h e a r b o x w a s u s e d i n c o n d u c t i n g t w o t y p e s o f t e s t s . I n 
t h e f i r s t t y p e o f t e s t t h e p o l i s h e d s u r f a c e o f t h e m a t e r i a l w a s u s e d a s a 
b a s e o n w h i c h t h e u p p e r p a r t o f t h e s h e a r b o x r e s t s . T h e b o x w a s f i l l e d 
w i t h s a n d a n d c o v e r e d w i t h a r i g i d c a p . N o r m a l f o r c e w a s a p p l i e d a t t h e 
t o p o f t h e c a p , t h e n s h e a r f o r c e w a s a p p l i e d u n t i l i t s t a r t e d t o m o v e . R e a d ­
i n g s o f b o t h n o r m a l f o r c e a n d s h e a r f o r c e w e r e t a k e n . T h e n o r m a l f o r c e w a s 
t h e n i n c r e a s e d a n d t h e p r o c e s s w a s r e p e a t e d . S e v e r a l r e a d i n g s w e r e t a k e n 
a n d a c u r v e o f t h e s h e a r i n g s t r e s s v e r s u s t h e n o r m a l s t r e s s w a s p l o t t e d . 
T h e c o e f f i c i e n t o f f r i c t i o n w a s c o n s i d e r e d t o b e e q u a l t o t h e a v e r a g e s l o p e 
o f t h a t c u r v e . F i g u r e 57 s h o w s t h e c o e f f i c i e n t o f f r i c t i o n b e t w e e n C h a t t a ­
h o o c h e e s a n d a n d t h e d i f f e r e n t m a t e r i a l s u s e d i n t h e t e s t . 
I n t h e s e c o n d t y p e o f t e s t , t h e s a m e p r o c e d u r e o f l o a d i n g w a s 
f o l l o w e d e x c e p t t h a t a r u b b e r m e m b r a n e w a s a t t a c h e d t o t h e b o t t o m o f t h e 
s h e a r b o x w i t h t h e s a n d r e s t i n g o n i t . T h e p o l i s h e d s u r f a c e o f m a t e r i a l 
t o b e t e s t e d w a s s m e a r e d w i t h a t h i n f i l m o f s i l i c o n e g r e a s e p r i o r t o t h e 
t e s t . C u r v e s f o r s h e a r i n g s t r e s s v e r s u s n o r m a l s t r e s s f o r d i f f e r e n t m a t e r i a l 
a r e s h o w n i n F i g u r e 58. T h e r e s u l t s o f t h e t e s t s h o w t h a t t h e m i n i m u m 
c o e f f i c i e n t o f f r i c t i o n w a s b e t w e e n t h e r u b b e r m e m b r a n e a n d p o l i s h e d s t a i n ­
l e s s s t e e l c o v e r e d w i t h s i l i c o n e g r e a s e . 
LEGEND 
l - S A N D ON A L U M I N U M fJ. - 0 . 3 6 3 
2 - S A N D ON LUCITE U = 0 . 2 9 3 
3 - S A N D ON STEEL fJL = 0 . 2 8 0 
4 - S A N D ON BRASS jLL = 0 . 2 4 5 
5 - S A N D ON CHROMIUM fJL = 0 . 1 5 7 
. 2 
3 
4 0 8 0 120 160 2 0 0 
NORMAL STRESS ( L B S . PER SQ. IN . ) 
2 4 0 260 
F i g u r e 57. C o e f f i c i e n t o f F r i c t i o n B e t w e e n S a n d a n d P o l i s h e d M a t e r i a l s 
4 0 
F i g u r e 58. C o e f f i c i e n t o f F r i c t i o n B e t w e e n R u b b e r M e m b r a n e a n d G r e a s e d M e t a l s 
H 
4=~ 
CHANGE IN STRAIN GAGE READING (>»ICRO IN. PER IN . ) 
F i g u r e 59. C a l i b r a t i o n C h a r t f o r 1000 P o u n d s L o a d C e l l 
H 
00 
V J l 

6000 
CHANGE IN STRAIN GAGE READING ( M I C R O IN . PER I N . ) 





E v a l u a t i o n o f E n d P l a t e F r i c t i o n 
A p l a n e s t r a i n s p e c i m e n i s e n t i r e l y s u r r o u n d e d b y a r u b b e r m e m b r a n e 
a n d i s i n c o n t a c t w i t h t w o e n d p l a t e s . T h e e n d p l a t e s i n s u r e t h a t t h e 
s p e c i m e n w i l l d e f o r m u n d e r a p l a n e s t r a i n c o n d i t i o n . D u r i n g a t e s t , p a r t 
o f t h e a x i a l l o a d i s u s e d t o o v e r c o m e f r i c t i o n d e v e l o p e d b e t w e e n t h e r u b b e r 
m e m b r a n e a n d t h e e n d p l a t e s . T h e r e f o r e , t h e e n d f r i c t i o n i n t r o d u c e s a n 
e r r o r i n t h e t o t a l a x i a l l o a d a p p a r e n t l y c a r r i e d b y t h e s p e c i m e n . I n s o m e 
e a s e s t h e e n d f r i c t i o n c a n a m o u n t t o a s i g n i f i c a n t p a r t o f t h e t o t a l a x i a l 
l o a d a p p l i e d . U n l e s s a c o r r e c t i o n i s m a d e t o e l i m i n a t e t h e l o a d r e s u l t i n g 
f r o m t h e e n d f r i c t i o n t h e m e a s u r e d s o i l s t r e n g t h w i l l b e i n e r r o r . 
D u e t o t h e c o m p l e x i t y o f f a c t o r s c o n t r i b u t i n g t o t h e f r i c t i o n , a 
r i g o r o u s a n a l y t i c a l s o l u t i o n i s d i f f i c u l t t o o b t a i n . H o w e v e r , b y u s i n g 
s o m e s i m p l i f y i n g a s s u m p t i o n s a s e m i - e m p i r i c a l s o l u t i o n c a n b e d e r i v e d . T h e 
m a i n a s s u m p t i o n s n e c e s s a r y f o r a m a t h e m a t i c a l f o r m u l a t i o n a r e a s f o l l o w s : 
1. T h e i n t e r m e d i a t e p r i n c i p a l s t r e s s , i s u n i f o r m l y d i s t r i b u t e d 
o v e r t h e a r e a o f c o n t a c t b e t w e e n t h e r u b b e r m e m b r a n e a n d t h e p l a t e s . 
2. T h e c o e f f i c i e n t o f f r i c t i o n b e t w e e n t h e r u b b e r m e m b r a n e a n d t h e 
e n d p l a t e s i s c o n s t a n t . 
3. T h e f r i c t i o n d u e t o s t r a i n b e t w e e n t h e r u b b e r m e m b r a n e a n d t h e 
e n d p l a t e s d u r i n g c o n s o l i d a t i o n i s n e g l e c t e d . 
O t h e r s e c o n d a r y a s s t i m p t i o n s w i l l b e m a d e d u r i n g t h e d e v e l o p m e n t o f t h e 
m a t h e m a t i c a l f o r m u l a t i o n . 
C o n s i d e r p o i n t A o n t h e e n d o f a s p e c i m e n i n x , y c o o r d i n a t e s , t h e 
p o s i t i o n o f w h i c h i s d e f i n e d b y r , 6 i n p o l a r c o o r d i n a t e s , a s s h o w n i n 
F i g u r e 63? d i s p l a c e d t o a p o s i t i o n B . T h e n f r o m t h e g e o m e t r y t h e f o l l o w i n g 
r e l a t i o n s a r e o b t a i n e d : 
iho 
B u t 
T h e r e f o r e , 
A x = A y = A r ^5 . ) 
x y r ' ' } 
^ = e y . (36) 
A r = e y - r . (37) 
N o w i f i t i s a s s u m e d t h a t a s m a l l e l e m e n t o f a r e a r d r d9 i n t h e p l a n e r , 
8 i s a c t e d u p o n b y O g , t h e n t h e t o t a l f r i c t i o n f o r c e i n t h e d i r e c t i o n o f 
m o t i o n w i l l b e \x cig r d r d 0 , w h e r e p, i s t h e c o e f f i c i e n t o f f r i c t i o n . T h e 
w o r k d o n e d W . , i n s m a l l d i s t a n c e A r , i s 1 
Ikl 
d = (J, CTG r d r d.0 . E Y r , (38) 
o r 
W i = ^ a2
 €y I J r 2 ^ d0 (39) 
T h e d o u b l e i n t e g r a l c a n b e e v a l u a t e d e a s i l y b y t a k i n g h a l f t h e a r e a o f 
c o n t a c t a n d d i v i d i n g e a c h h a l f i n t o f o u r z o n e s , a s s h o w n b e l o w i n F i g u r e 6k. 
F i g u r e 6̂4-. A r e a o f C o n t a c t B e t w e e n t h e R u b b e r M e m b r a n e a n d t h e E n d P l a t e 
S o l v i n g t h e i n t e g r a t i o n a n d c o l l e c t i n g t e r m s , t h e r e s u l t i s : 
¥ i = ^ °Z e j G 
S I N oi 
2 
c o s a 
- I n t a n (2 + IT, 
h j s i n a 
G 5 2 ~ 1 c o s a - I n t a n 2 
Ik2 
S u b s t i t u t i n g t h e n u m e r i c a l v a l u e o f b = 1 u n i t , h = k u n i t s , a n d 
-1 h 
a = t a n —, t h e e x p r e s s i o n r e d u c e d t o = 7.77 cr^ p, e y . 
T h e t o t a l w o r k d o n e o n b o t h e n d s i s 
W ± = 1+ x 7.77 a 2 p. e y = 31.08 a 2 p, e y . 
N o w i f i t i s a s s u m e d t h a t t h e i n p u t w o r k d u e t o t h e d e v i a t o r i c 
s t r e s s (o -o ) i n o v e r c o m i n g t h e e f f e c t o f e n d f r i c t i o n i s ¥ , t h e n : j_ $ e 
W e = L . W . ( a x - a ) x e y - H , (hi) 
w h e r e 
L = l e n g t h o f t h e s p e c i m e n = 16 u n i t s 
W =5 w i d t h o f t h e s p e c i m e n = 2 u n i t s 
H = h e i g h t o f t h e s p e c i m e n - h u n i t s 
(o^-cj^) = e x t r a d e v i a t o r i c s t r e s s t o o v e r c o m e e n d f r i c t i o n . 
S u b s t i t u t i n g t h e n u m e r i c a l v a l u e s i n e q u a t i o n (hi) t h e e x p r e s s i o n b e c o m e s : 
W e = 128 ( o 1 - c j 3 ) e y . (1+2) 
S i n c e W . = W , t h e n 
(cjro3) = 0.2^3 m, a 2 . (.1+3) 
T h e a b o v e e x p r e s s i o n c a n b e u s e d o n l y f o r t h e c a s e o f c o n s o l i d a t e d u n d r a i n e d 
t e s t . 
A P P E H D I X I I I 
C O M P U T E R P R O G R A M 
GEORGIA TECH REcC B - 5 5 0 0 ALGOL COMPILER TUESDAY* 6/20/67* 7:02 PM. 
BEGIN COMMENT ANALYSIS Of PLANE STRAIN TEST OF SAND 0000 
START OF SEGMENT ********** OijRlNG SHEAR 0000 END OF COMMENT J 0000 
REAL LO* DO* Ho* VO* Wt* W* SG* EO* AlO* WEtDEN* DRYDEN* VS* DR*A20* 0000 OELTAVO* S R l Z E R Q , S R 2 Z E R 0 * SR3ZER0*DeLTAhO* UO* S 1 M I N U S S 3 0 I 0000 
INTEGER I*N f 0000 
ALPHA S A M P L E N O , T E S T D A T E * M O N T H , YEAR* 0000 
FILE IN C A R O " Q y S F R " (2,10)1 0000 
FILE OUT P R I N T 6(2*15)1 0003 
LABEL L l * L 2 * 0 0 0 7 FORMAT FMTKX3, A6*XB,A2*X1,A4,X1*A4)* FMT0U5)* 0007 
START OF SEGMENT ********** 
F M T 2 ( 5 F 7 t 3 * 3 l 7 ) * 0007 
FMT3( X2'HSAMP|EN0»,X6 ,«TEST C O M P L E T E D " / / ) * 0007 FMT4(3l6*4F8.3), 0007 
FMT5<X3,"Sl"*X5,"s2»X5»"S3",X2»»SiMINUSS3»*X2*"El"*X4*«S2SlRATl0«* 0007 X1*"S3S1RATI0",X2*"Ms"*X4*"0CTS"*X2*"CELLPR"*X2*"U"/)* 0007 FMT6(3F7»2* F8 #2* F8,4* F8.3* F10.3* 4f7,1)* 0007 FMT7(///Xl*"DELTAH"*Xl*«DELTAV»,X3*"El"*X5*"VQLSTRAIN"*X2*"0CTSTRAIN" 0007 X3*"E3"»X3*"0CtSRATI0",X3*"F1»*X5*"F2"*X4*"PPPA»/)* 0007 FMT8 ( F7',3#F8;3,F8.4*F9,4*F10.4*2F9,4,2I7*F8.3 )* 0007 FMT9C//X3*"SHEaR"*X1*"STAGE"//)J 0007 
3 IS 127 LONG* NEXT SEG 
LIST LST1(SAMP LEN0, T E S T D A T E * MONTH* Y E A R ) * 0 007 
L S T 2 C L 0 * 00* H o * D E L T A V o * D E L T A H O » S R l Z E R O * S R 2 Z E R O * S R 3 Z E R O ) ; 0 016 WRITE ( P R I N T C N 0 1 ) ) 0 0 3 0 L2 * READ (CARO*FMTl*LSTl)CLni 0033 READ (CAR0*FMT?*LST2); 0 0 3 8 READ (CARD*FMTf)*N)l 0042 BEGIN 0 0 5 0 REAL ARRAY 0 0 5 0 START OF SEGMENT ********** 
Al* SR1* SR2* fiR3* Fl* F2* DELTAH* U* SI* S2* S3* A2* E1*DELTAV*PPPa* 0000 
O C T S R A T I O * V R D G , MS* OC T S * O C T S T R A I N * VOLSTRAIN, HRDG* BP* X* D E L T A U , 0004 
E2* E3* E* CELLAR* S 1 M I N U S S 3 * S 2 S 1 R A T I 0 * S 3 S I R A T I 0 C 0 I N 3 J 0006 
LIST L S T 3 ( F 0 R 1*1 STfP 1 UNTIL N DOtSRl C 13*SR2[ 1 3 * S R 3 u 3* H R O G C 1 3 * 0 010 VRDGrl3*CELLpRtI]*BPCl31)» 0 019 
LST4 ( S L T N * S 2 r I ] * S 3 t I ] * S l M l N U S S 3 C I ) * E l [ I ) * S 2 S l R A T l 0 C n * S 3 S l R A T l 0 t n * 0028 
Msr n*OCTSm*eELLPRCI ] * U t l 3 ) * 0040 LST5(DFLTAHtI1,DELTAVf i]*ElCn*V0LSTRAlNcn,0CTSTRAlNtn*E3tn* 0049 
OCTSRATlOt I5#F1 Cl3,F2tn*PPPAC I))l 0059 READ (CARD*FMTa*LST3)J 0068 VO*LOxhOxDO * 0 0 7 2 WRITE (PRINT*FMT3)I 0074 WRITE (PRINT*FmTi*lST1)I 0077 WRITE (PRINT*FmT9)I 0080 
FOR I 4-1 STEP 1 UNTIL N DO BEGIN 0083 
F I M 4- 15,5 x (SRltn • S R 1 Z E R 0 ) I 008 4 
F 2 C I ] «. 2,0118*4 x (S R 2 C I ] • S R 2 Z E R 0 ) ; 0086 Uril «• 0*02290iX(SR3tn - S R 3 Z E R 0 ) • BPU3 J 0089 
IF I«l THEN Un * UCI3 * 00 9 2 
D E L T A U r 1 3 * UC T 3 • UO J 0094 
D E L T A H t 1 3 * -HRdGCI] + D E L T A H O I 009 6 
E l f I 3 * DELTAHt T 3 /HO f 0 0 9 8 DELTAVtI 3* (VRDrCI3-DELTAV0)/16.39 I 0 1 0 0 
V 0 L S T R A I N C I 3 * D E L T A V f l J / V O J 0 1 0 3 
E 3 H 3 + V O i S T R A t N t n • E U I 3 I 0 105 
A 1 C I 3 * LO xDOx( 1+DELTAVrI3/VO)/(t-Eltl3) } 0 1 0 7 
A 2 E I 3 * HOxDOx(1*DELTAVfI3/V0)l 0 1 1 2 
S3rn* cELiPRm-UEnj 
S 2 f I 3 * F2rH/A2tn * S 3 t n I 
S 1 U U F l r U / A l t l l +S3C 11 I 
S1 M I N U S S 3 C I 1 «• sicn-s3tn > 
IF I«l THEN S 1 M I N U S S 3 0 «• S 1 M I N U S S 3 C 1 3 J 
Xtl3 * S l M l N U S s 3 f I ] - S 1 M I N U S S 3 0 I 
IF A B S ( X U 3 ) < ?-lO THEN PPPACI3 <• ?50 ELSE 
P P P A C I ] «• DELtAUC I 3/XrI 3 I 
S2S 1 R A T I O C I 3 «• S?C 11/Sl 113 I 
S 3 S i R A T l 0 m «• S 3 C I 3 / S 1 C I 3 I 
OCTSTRAlNtI]«-0;6667XC(E1CI3>*2+(E3CI3)*2+(E1CI3-E3CI3)*2)*0.5 > 
MS[I3«- 0 . 3 3 3 4 x ( S U l 3 + S2EI3 • S3tn>* 
OCTStn*0,3333xC(Siri]-§2tl3)*2*CS2Cl3»S3tl3)*2+CS3tn-Sltn)*2)*0,5 I 
O C T S R A T l O t M * n C T S t l 3 / M S t I 3 I 
END I 
fPRINT,FmT5>J 
*1 STEP l UNTIL N DO WRITE ( P R I N T , F M T 6 , L S T 4 H 
(PRINT,FmT7)J 






WRITE(pRlNTCPAfiE3)J GO TO 12) 
Lit ENO. 
EXP IS SEGMENT NUMBER OOÔ 'PRT ADDRESS IS 0140 LN IS SEGMENT NUMBER 0006,PRT ADDRESS IS 0 1 3 7 OUTPUTCW) IS SEGMFNT NUMBER 0007,PRT ADDRESS IS 0066 BLOCK CONTROL IS SEGMENT NUMBER 0o08,PRT ADDRESS IS 0005 INPUT(W) IS SEGMENT NUMBER 0009,PRT ADDRESS IS 0071 




0 1 2 4 
0126 
0128 
0 1 3 0 
0133 
0 1 4 2 
0144 
0146 







0 1 8 8 
0195 
4 IS 199 LONG, NEXT SEG 
0 0 5 2 
0 0 5 5 2 IS 59 LONG, NEXT SEG 
NUMBER OF E R R O R S D E T E C T E D • 0*. C O M P I L A T I O N TIME • 33 S E C O N D S , 
PRT SIZE « 99J TOTAL S E G M E N T SfZE * 456 WORDS* DISK SIZE s 25 SEGSj NO. PGM, SEGS » 15 
ES T I M A T E D CORE STORAGE R E Q U I R E M E N T r 62 0 2 W O R D S . 
1 IS 
15 IS 




B I B L I O G R A P H Y 
1. S o w e r s , G . F . , " S t r e n g t h T e s t i n g o f S o i l s , M S p e c i a l T e c h n i c a l P u b l i c a -
t i o n N o . 36l, A m e r i c a n S o c i e t y f o r T e s t i n g a n d M a t e r i a l s , S y m p o s i u m o n 
t h e L a b o r a t o r y S h e a r T e s t i n g o f S o i l s , 1963? P P « 3-21. ~" 
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